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ABSTRACT

Mg batteries are one of several new battery technologies expected to partially substitute
lithium-based batteries in the future due to the lower cost and higher safety. However, the
development of Mg batteries has been greatly hindered by the sluggish Mg migration kinetics
in the solid state. Here, we exploit a high performance cathode for Mg battery based on a
tailored nanocomposite, synthesized by in-situ growth of nanocrystalline MnzO4 on graphene
substrates, which provides high reversible capacities (~220 mAh g* at 15.4 mA g and ~80
mAh g* at 1.54 A g 1), good rate performance (high reversibility at various current rates), and
excellent cycling stability (no capacity decay after 700 hundred cycles). The magnesiation
mechanism in our cell system has been identified as a combination of capacitive processes and
diffusion-controlled reactions involving electrolyte solvents. Characterization is performed by
ex-situ transmission electron microscopy (TEM)/scanning TEM (STEM), energy dispersive
spectroscopy (EDS), electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) in addition to quantitative kinetics analysis. Exploiting the high-
performance capacitive-type electrodes, where the specific capacity is limited by the kinetics
of surface processes and not by bulk Mg ion diffusion governing the properties of conventional
intercalation-type electrodes, could reveal a new approach to developing commercially viable
Mg batteries.

KEYWORDS: Mg batteries; high performance cathode; Mns3Os; capacitive processes;
diffusion-controlled reactions.



1. Introduction

Manganese oxides, as the typical transition metal oxides, have been known as high voltage
cathodes for Mg batteries due to operating voltages in excess of 3.0 V vs. Mg [1]. However,
the stable potential window of most Mg electrolytes does not meet the requirements of Mg
intercalation into manganese oxides [2-4]. Especially, the typical Mg organohaloaluminate
electrolyte, all phenyl complex (APC) electrolyte, limits the cell potential to 2.2 V vs. Mg
owing to the existence of stainless steel components in the coin cell, which can potentially be
corroded by the chloride species in the electrolyte [5-7]. Even for the newly developed
inorganic electrolytes (Mg-Al chloride complex electrolyte, which is referred to as MACC
electrolyte) [8], and the non-halide electrolytes (Mg(PFs)2-based electrolytes [9], Mg(TFSI).-
based electrolytes [10], Mg(BHa)2-based electrolytes [11]), the capacity and cycling stability
are poor due to extremely sluggish bulk diffusion kinetics of the Mg?* cations in the metal
oxide hosts. Only a few classes of compounds developed thus far meet the requirements of
reversible Mg intercalation/de-intercalation, such as the Chevrel-phase compounds (based on
MosSs) [12,13], M0O3 [14-16], M0S2[17,18], V205[16,19], and Ti>S4 [20]. The narrow choice
of electrode materials hinders the development of the Mg battery to be equally successful as
the Li battery or Na battery technology.

In contrast to the sluggish Mg intercalation kinetics, the capacitive processes, which are
normally the mechanism observed in supercapacitors, feature fast kinetics and high
reversibility over time since there are no phase changes. This creates a system with charge and
discharge performances, which are more characteristic of a capacitor than a battery (high rate
capability and long cycling stability) [21,22]. In light of this point, utilization and development
of a capacitive cell configuration is of interest to high power density applications [21]. So far,
the enhanced capacities have been achieved in several Li battery and Na battery electrode
materials. Bruce et al. demonstrated that both the capacitive contribution and the total stored
charge significantly increased when decreasing the particle size of TiO;electrode in a Li battery
configuration [21]. Similar capacitive effects also arise in Na battery systems where graphene
foam supported tin sulfide nanosheets were used as anode, according to the study reported by
Shen et al. [22].

Inspired by the capacitive characteristics in Li and Na batteries, several electrode materials
for Mg batteries with capacitor-like behavior have been reported [2,24,25]. One of these, the
Mn3O4 nanoparticles, is reported in our previous work to exhibit very high cycling stability [3].
An almost straight line is observed for the galvanostatic charge/discharge profiles of the MnzO4
cathode in APC-tetrahydrofuran (THF) electrolyte. This is a typical feature for the capacitive-
controlled charge storage mechanism, which gives rise to the excellent reversibility and long-
term cycling stability. Interestingly, several plateau-looking features can also be observed in
the charge/discharge profiles of the Mn3O4 cathode, which correspond to the redox peaks in the
CV curves. This is an indication that redox reactions do occur during cycling. These redox
reactions are most likely related to the THF solvent and occur at the electrode/electrolyte
interface. At this interface, the Mg monomer-[MgCI-5THF]*, which is decomposed from Mg
dimer-[Mgz(u-Cl)3-6 THF]™ in the bulk electrolyte, is the active Mg species involved in the
charge transfer [26]. However, the Mg complex have a low degree of dissociation at the



interface due to the high charge density of Mg cations. Thus, the partly desolvated Mg
monomers may be formed at this interface, which hinders Mg intercalation in most host
materials. Gewirth et al. indicated that in the presence of the Lewis acidity of RMg*, the THF
molecules coordinated to the Mg-complex, are more easily oxidized to GBL at the interface
[27,28]. Meanwhile, there are probably several intermediate products during the oxidation of
THF to GBL co-formed at the interface (e.g. 2-hydroxytetrahydrofuran [29], 2,2-
dihydroxytetrahydrofuran [30] and THF peroxide [31,32]). All of the above THF-related
interfacial reactions make the chemical system at the interface complicated and the complete
understanding of the THF-related interfacial reactions is still lacking. Aurbach et al. also
proved by NMR and Raman spectroscopy that the chemical system in Mg
organohaloaluminates (e.g. APC) is far more complex than the electrolytes of Li batteries [33].
Nevertheless, these little-known interfacial reactions in the Mn3O4-APC cell are at least
confirmed to be highly reversible according to the high cycling stability of the Mn3zO4 cathode
[3]. Analogously, Song et al. revealed that the THF molecules and other species in the APC-
THF electrolyte could be involved in the interfacial redox reactions during cycling, according
to the surface analysis by XPS of the cycled electrodes, thus providing a substantial capacity
[34]. Here, the capacitive charge storage mechanisms in the MnzO4-APC cell has been studied
further, with the combination of ex-situ characterizations (TEM/STEM, EDS, EELS and XPS)
and Kinetics analysis (which is based on the CV curves). The charge storage mechanism is
identified as a combination of the capacitive process (~80%) and the interfacial redox reactions
involving the electrolyte solvents (~20%). In order to enhance the rate capability of the MnzO4
electrode, graphene nanosheets with varying amounts of oxygen functional groups were used
as the substrate for supporting the MnzO4 nanoparticles. This serves to increase the number of
active sites for charge storage, and is a method that has also been widely used to achieve
improved capacities in supercapacitors [35-39]. The MnsOa4/partly reduced graphene oxide
(RGO) nanocomposite delivers the high reversible capacities of ~220 mAh g* at 15.4 mA g*
and ~80 mAh g* at 1.54 A g*. In addition, no capacity decay was observed after 700 cycles.
The cell system proposed here seems to be a promising strategy for solving the issues
encountered with the intercalation-based electrodes in Mg batteries.

2. Experimental section
2.1 Synthesis of Mn3O4 Nanoparticles

MnsO4 nanoparticles were prepared by using the same procedure as in our previous work
[3]. In short, MnCl2-4H,0 (Aldrich, 99%) was first dissolved in ethanol amine (ETA, Aldrich,
99%) while exposed to ultrasonic waves (Branson digital sonifier, Danbury, USA). The
mixture was then stirred overnight after the distilled water was introduced. Through the
processing of centrifugation, washing and drying, dark brown Mnz04 powders with uniform
particle size of ~7-10 nm were obtained. Commercially available Mn3O4 with larger particle
sizes of ~100 nm (C-Mn30s, Erachem Comilog) was used without further treatment to study
the magnesiation mechanism.



2.2 Synthesis of Graphene Oxide (GO) Suspension

First, graphite oxide (GiO) was synthesized by using a modified Hummers’ method [40].
Then, the obtained GiO powders were dispersed in distilled water. After the ultrasonic
treatment of aqueous GiO, exfoliated was performed to obtain GO. Finally, the GO suspension
was obtained when the un-exfoliated GiO was removed by centrifugation (10 min, 3000 rpm).

2.3 Synthesis of MGO Nanocomposite

The synthesis of MGO (Mn3QO4/graphene oxide) and MRGO nanocomposites have been
reported in previous work [41] and is illustrated in Scheme 1. The MnCI,/ETA solution and
GO suspension were thoroughly mixed by stirring overnight. Then, the MGO nanocomposite
was obtained through similar procedures to that used in the preparation of Mn3O4
(centrifugation, washing and drying).

2.4 Synthesis of MRGO Nanocomposites

The GO suspension (0.2 g GO) and varying amounts (depending on the desired degree of
reduction) of hydrazine solution (5 wt% in water) were mixed in a 500 mL three-necked flask
under stirring at ~85 °C for 1h. The MnCI/ETA (15 mmol MnCly) solution was then added to
the resulting RGO (partly reduced graphene oxide) suspension. After stirring overnight at ~85
°C, the MRGO nanocomposites were obtained through similar procedures to that used in the
Mn3Oy4 preparation (centrifugation, washing and drying). Here, several MRGO nanocomposites
with different amounts of oxygen-groups were prepared by changing the mass ratio of
GO/hydrazine. The ratio equals to 1:1 for MRGO-1, 1:2 for MRGO-2, 1:4 for MRGO-4 and 1:8
for MRGO-8.

2.5 Preparation of APC-THF Electrolytes

The APC-tetrahydrofuran (THF) (THF, Aldrich, anhydrous) electrolyte was synthesized
according to the procedure reported by Aurbach’s group [42]. Briefly, AlCIz (AICI3, Aldrich,
99.999%)-THF solution was mixed with PhMgCI-THF solution (PhMgCI in THF, Aldrich,
99%) with a molar ratio of 1:2. The obtained mixture was stirred at least 24 hours before it was
used. The whole preparation process was performed in an Ar-filled glove box (<0.1 ppm of
water and oxygen) due to the moisture sensitivity of the electrolyte. In this study, the
concentration of the APC electrolyte was 0.4 mol L.

2.6 Material Characterizations

The elemental analyses of the synthesized samples were performed by a VarioEL Il
elemental analyzer (Elementar, Germany). XRD measurements were done on a Bruker AXS
D8 FOCUS diffractometer with Cu Ko radiation and a Lynxeye detector. Brunauer-Emmett-
Teller (BET) surface areas were measured on a Micrometrics Tristar 3000 instrument through
N> adsorption isotherms at liquid nitrogen temperature. In order to eliminate the adsorbed water,
the samples were degassed at 120°C under vacuum overnight before the measurements. ATR-
FTIR measurements were performed on a Bruker Optiks IFS66V S-1 with the scanning
resolution of 2 cm™ and the scanning number of 68. As a mercury-cadmium-telluride (MCT)



detector and the internal reflectance element, a microscope (HYPERION 3000) was fitted with
an ATR objective. The Raman spectroscopy measurements were carried out on a micro-Raman
system (Renishaw, DM2500-In Via). The excitation energy was 2.41 eV (514 nm). The
electrical conductivity (og) was measured by using a Kelvin bridge and calculated by the
following equation [43]:

Sq.
OE = [Rmeasured E] !

where Rmeasured 1S the measured electrical resistance (0.01 pQ - 1000 Q), S is the cross section
of the powder column and H is its height.

XPS analysis was performed by using a Kratos Axis Ultra DLD spectrometer with a
monochromatic Alk, radiation (hv = 1486.6 eV). TEM was performed with a double Cs
corrected coldFEG JEOL ARMZ200CF, operated at 200 kV and equipped with a large solid
angle (0.98 srad) Centurio EDS detector and a Quantum ER GIF for EELS.

2.7 Electrochemical Measurements

The electrode slurry was made by ball milling a mixture consisting of 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,
Aldrich, >99%). Then, the electrode film was formed by drop coating the slurry onto flexible
graphite foil (Gif, Goodfellow, 99.8%), followed by drying at 120 °C under vacuum for 10
hours. The dried film was punched into discs with the diameter of 16 mm. The mass loading
of the electrode is about 0.6 mg. The battery performance of the synthesized materials was
examined using CR2016 coin cells with 0.4 mol L™ APC-THF electrolyte, glass microfiber
separator (Whatman), and a 0.2 mm thick Mg ribbon counter electrode, which was polished on
both sides with SiC paper, then washed clean with THF and dried overnight under vacuum.
The cells were assembled in an Ar-filled glove box. Galvanostatic charge/discharge
measurement was performed on a Maccor 4200 (Maccor Inc., USA) battery testing system at
ambient temperature. The current densities varied from 15.4 mA g* to 1.54 A g. All the
specific capacities obtained in this work are related to the mass of the active material (MGO or
MRGO). The specific capacities related to the mass of the electrodes (MGO/MRGO + Super-P
+ PVDF) are also shown in Table S1 in Supporting Information, together with the volumetric
capacities. CV was measured by using a 3-electrode cell (EL-CELL), where the Mg ribbon acts
as both reference- and counter electrode, on a Gamry Reference 600 instrument (Pennsylvania,
USA).

A symmetrical cell using 1M MgCl, aqueous electrolyte was fabricated. Two electrodes with
the same mass loading were used as the electrodes. The synthesized materials are all used as
the active electrodes. The charge/discharge analysis is performed using both constant current
density of 1-6 A g and constant scan rate of 50-500 mV s within the voltage range of 0-1 V.



3. Results and discussion
3.1 Characterizations of the MGO and MRGO Nanocomposites

In this work, five different composites (MGO and MRGO-1 to MRGO-8) were obtained with
increased degree of reduction of the functional groups on the graphene substrate. In Fig. S1,
XRD analysis showed that the Mn3O4 nanoparticles grown on the surface of the GO nanosheets
(GOs) or RGO nanosheets (RGOs) exhibited the same crystal structure as the Mn3zOs
synthesized in solution. The ATR-FTIR spectrum obtained from MGO demonstrated the
presence of O-H (3400 cm™, carboxylic), C-O (1028 cm™, alkoxy) and C=C (1580 cm™, non-
oxidized graphitic domains), as shown in Fig. S2 [44-47]. The characteristic peaks from the O-
H and C-O bonds become much weaker in the spectra of MRGO-1, MRGO-2 and MRGO-4,
and almost disappeared in the spectrum of MRGO-8. The dramatic decrease of functional-
groups from MGO to MRGO-8 can be further verified according to their elemental analyses
and electronic conductivities (see Table S2), which shows a continuous increase in the C/H and
C/N ratios and conductivities due to the removal of O,H,N-containing groups by reduction [41].
The rapid increase in the C/H and C/N ratios of MRGO-8 may be ascribed to the large amount
of reducing agent (hydrazine solution) introduced during sample preparation, compared to
MRGO-4.

As reported in previous work, the growth behaviour of MnzOs nanoparticles is closely
related to the functional groups of GOs and RGOs, which serve as the anchor sites for the in-
situ formation of Mn3O4 nanostructures [41]. The functional groups enable the anchored nuclei
of Mn304 to grow separately, resulting in the well dispersed MnzO4 nanoparticles on GO. On
the other hand, during the preparation of MRGO nanocomposites, the relatively bigger MnzO4
agglomerates are wrapped inside the RGO due to the massive reduction of functional groups
[41,48]. The changes in morphology from MGO to MRGO-8 can be visually observed from the
TEM images. Fig. 1a and 1b show homogeneous and dense MnzOa4 nanoparticles well dispersed
on the surface of GO. The diffraction rings indexed in the selected area electron diffraction
(SAED) patterns of MGO shown in Fig. S3b all match the corresponding MnzOa reflections
observed in the XRD patterns. With moderate reduction, the Mn3O4 nanoparticles are still well
dispersed on the surface of the now more wrinkled RGO, as shown in Fig. 1c and 1d. However,
Fig. 1e and 1f, which show the TEM images of the MRGO-8 nanocomposite with the largest
degree of reduction, clearly show different morphological features. The relatively large Mn3zO4
agglomerates seem to be wrapped in the curved RGO when most of the functional groups are
removed, leading to weak Mn3O4 diffraction rings compared to those of the uncovered Mn3zO4
crystals in MRGO-4 (see Fig. S3c), and the strong six-fold symmetrical diffraction rings that
feature the graphitic substrate (Fig. S3d). Such morphology disparities between MGO and
MRGO nanocomposites also give rise to different BET surface areas. In Table S2, MGO
displays a relatively higher surface area of ~160 m? g%, compared to ~120 m? g* for the MRGO
nanocomposites. Incidentally, there is no significant relationship between the morphology
features and the surface area, since the MRGO nanocomposites with different reduction degrees
show similar surface areas. There is however, a significant relationship between the
morphology features and the cell performance when these synthesized nanocomposites were



used as cathode materials in a Mg battery, which will be discussed further in the following
sections.

3.2 Charge Storage Performance of the MGO and MRGO Nanocomposites

As shown in Fig. 2a and Fig. S4, all of the synthesized samples exhibit similar features in
the charge/discharge profiles and CV curves, indicating that the charge storage mechanisms in
MGO and MRGO nanocomposites are the same as in the Mn3O4 nanoparticles. During the
magnesiation process illustrated in Scheme 2, the Mg monomers, which served as the charge
transfer active species at the electrode/electrolyte interface [26,49], adsorb on the electrode
surface to provide the non-faradaic capacitive contribution. The coordinated THF molecules
take part in the interfacial redox reactions in the presence of MgCI* (which acts as a Lewis acid)
to provide the faradaic capacity. The surface properties and morphology features of the
synthesized materials determine the active sites for charge storage, which are crucial for the
electrochemical performance of the synthesized materials as cathode in a Mg battery. Hence,
on the one hand, stable cycling performances were observed in all the composites due to the
fast kinetics of the capacitive process (see Fig. 2b). On the other hand, the values of the specific
capacities vary significantly among the synthesized composites as shown in Fig. 2. In contrast
to Mn3Og, the capacities keep increasing from MRGO-1 to MRGO-4 with the increase in
conductivity. However, there is a quick drop in capacity from MRGO-4 to MRGO-8 (which
exhibits the highest conductivity). This is probably related to the severely agglomerated Mn3zO4
particles in MRGO-8, which would reduce the active surface area available for electrochemical
reactions, as illustrated in Scheme 2. Consequently, the MRGO-4 nanocomposite with good
particle dispersity (which ensures high utilization of active material) and enhanced conductivity
(which benefits the charge diffusion along the RGOs substrate) shows the best performance as
cathode in a Mg battery. This composite performs a reversible capacity of ~220 mAh g at
15.4 mA gt compared to ~100 mAh g for Mn3;Oa nanoparticles.> MRGO-4 also exhibits high
rate capability (~80 mAh g* at 1.54 A g and ~100% efficiency at different rates) and stable
long term cycling performance (see Fig. 3a and 3b). Interestingly, with the highest surface area
but lowest conductivity of all the composites, the MGO composite exhibits similar capacities
and cycling stability to MRGO-4, as observed in Fig. S5. Previous work has shown MGO [41]
as well as other GO-based composites to be promising electrodes for supercapacitors [50-54].
Although the charge transfer is hindered by the lower conductivity caused by the presence of
the functional groups, the well-dispersed MnzO4 nanoparticles on the surface of the GO
substrate are beneficial for the charge storage during cycling (see Scheme 2), resulting in the
substantial capacitance. It may also be that the functional groups contribute to the charge
storage through additional faradaic reactions [55], which also make GO promising electrodes
for supercapacitors. As shown in Fig. S6, the GO cathode provides a reversible capacity of ~85
mAh g at 15.4 mA g7, indicating that the functional groups of GO in the capacitive-controlled
Mg battery system can indeed improve capacity. In addition, due to the synergy effect between
the Mn3O4 nanoparticles and GO nanosheets, the MGO composite exhibits a higher capacity
(~220 mAh g1) than the sum of the capacities of the Mn3O4 nanoparticles (~100 mAh g*) and
the GO nanosheets (~85 mAh g!) measured separately. Similar charge storage tendencies were
also observed when MGO and MRGO composites were used as electrodes in a symmetrical



cell configuration, where aqueous MgCl> was used as electrolyte. Based on the rectangular
features of the CV curves for the symmetrical cells shown in Fig. S7a and S7b, there are no
redox reactions occurring during charge or discharge, only capacitive contributions are
observed. The well dispersed Mn3O4 nanoparticles and the abundant functional groups endow
the MGO composite with equally high specific capacitance as that obtained for the MRGO-4
composite, as shown in Fig. S7c. The MRGO-8 composite on the other hand, shows much
lower capacitance due to lower surface area caused by particle agglomeration and folding of
the RGO sheets. The results obtained from the symmetrical cells bring us further proof of the
large capacitive contribution to the overall capacity of the Mg batteries made with the Mn304
composite cathodes. In addition, it is quite evident that there is a close relation between the
capacitive contribution and the morphology features of the synthesized materials.

3.3 Ex-situ Characterizations of the Mn3O4 Cathode in Mg Battery Configuration

To further understand the charge storage mechanisms in the synthesized materials without
the interference from the graphene substrate and the functional groups, ex-situ characterizations
with TEM/STEM, EDS and EELS of the magnesiated and demagnesiated Mn3O4 cathodes in
APC-THF electrolyte were performed. As shown in Fig. 4a and 4b, the overlaid Mn-Mg map
after the initial full discharge of the Mn3O4 cathode in APC-THF electrolyte show that the Mg
cations (corresponding to the red dots in Fig. 4b) are concentrated on the surface of the Mn3O4
nanoparticles and can hardly be observed in the bulk. Note that the Mg signal should still be
detected everywhere on the particle (see Fig. S8c) even if the Mg is only located on the surface
of MnzO4 nanoparticles. TEM is a two-dimensional projection, where the obtained signal
contains contributions from the top to the bottom surfaces of the Mn3O4 nanoparticles. The
relative Mg dispersion can be more clearly seen in the EDS map of the large sized C-Mn30O4
particles (which showed a low capacity of ~30 mAh g at 154 mA g due to severe
agglomeration [3]) in Fig. 5. And the Mg content in the bulk is negligible compared to that on
the surface according to the EDS spectra of C-MnzO4. In addition, in Fig. 4e, the nearly
overlapping Mn L.z edge spectra of the pristine and magnesiated Mns0Os cathodes
corresponding to the bulk of the Mn30O4 nanoparticles indicates no valence change of the Mn
cations before and after magnesiation. This demonstrates that no intercalation of Mg cations
occurred in the bulk of the Mn3O4 particles, in accordance with the result obtained by ex-situ
XRD characterizations from our previous work [3], where show that there is no new peak
formation or peak shift during cycling of MnsOs electrodes in APC-THF electrolyte.
Interestingly, a small amount of Mg cations still resided on the surface after the following
charge, as shown in Fig. 4d and Fig. S8f. This is probably caused by irreversible reactions
during the initial discharge, trapping a certain amount of Mg in the surface layers, and could
be a reasonable explanation for the capacity loss between the initial discharge and the following
charge in Mn30s-APC cell. The relative elemental contents (e.g. O, Mg and Mn) of the
magnesiated and de-magnesiated Mn3O4 cathodes are shown in Fig. 4f and 4g. It is known that
EDS is only a semi-quantitative technique and the collected data has large systematic errors.
But the relative change in the ratio, e.g. Mg/Mn ratio, is reliable since the systematic errors
cancel out when comparing these two ratios. In this work, the Mg/Mn ratio of the magnesiated
Mn304 cathode is higher than that of the de-magnesiated Mn3O4 cathode and the difference
between these two ratios could be approximated to provide an equivalend of ~150 mAh g



reversible capacity. This roughly calculated value is based on the hypothesis that the
synthesized Mn3Os particles possess spherical morphology with a diameter of 10 nm and
uniform density of 4.86 g cm™. And the value is close to the reversible capacity (~100 mAh g
1y found through galvanostatic charge/discharge measurements.

Furthermore, Fig. S9 shows the HAADF STEM image and elemental maps of one single
magnesiated Mn3O4 nanoparticle in APC-THF electrolyte, in combination with the comparison
of Mn L3 electron energy loss edges between the surface and the bulk of the magnesiated
Mn304 cathodes. No chemical shift or change in the La/L> ratio is observed between the bulk
and the surface spectra, which represents no valence change of Mn at the surface of the Mn3O4
nanoparticle [56]. The same conclusion can also be obtained by the ex-situ XPS
characterizations of the MnzO4 cathodes at different cell states in APC-THF electrolyte shown
in Fig. 6, which shows no shift of Mn 2p peaks during cycling. Incidentally, the slight
difference in the O-K edge spectra observed in Fig. S9f may be caused by the interference from
other O-containing complexes. In addition, no amorphous layer was observed on the surface
of the Mn3O4 nanoparticle by ex-situ TEM characterizations, as shown in Fig. 7. These results
definitely exclude the possibility of intercalation or conversion reactions taking place on the
surface of the Mn304 nanoparticles in APC-THF electrolyte. Both the surface and the bulk of
the Mn3O4 nanoparticles remain crystalline after magnesization. This phenomena where no
phase changes occur during cycling, associated with the nearly linear charge/discharge profiles
previously observed [3], signify that the capacitive processes dominate the charge storage
mechanism and thus provide the high stability of the system during long-term cycling.

3.4 Kinetics and Quantitative Analysis of the Mns:Os Cathode in Mg Battery
Configuration

As Mg intercalation can be ruled out from the Mn3O4 cathode, we mainly consider two
charge storage mechanisms: the faradaic contribution from THF-related interfacial reactions
and the contribution from the capacitive processes [57]. To shed light on the charge storage
mechanism, the method of CV scan rate (v) dependence proposed by Lindquist et al. was
applied according to the power law: i = av® [58], in which (i) is the response current, and both
a and b are adjustable parameters. The b-values can be determined from the linear plot of log i
vs. log v with two well-defined critical values, b = 0.5 and b = 1. A b-value of 0.5 is expected
for diffusion-controlled reactions and processes, while a b-value of 1 indicate non-diffusion
controlled processes [21,59]. For example, as shown in Fig. 8b and 8c, at the anodic peak of
0.68 V and the cathodic peak of 0.48 V, the b-values are 0.67 and 0.64, respectively. This
indicates that the interfacial redox reactions are limited by the diffusion of the THF molecules.
As Conway et al. elaborated in their studies, the redox reactions can be diffusion controlled if
the redox reactants are solution species [60]. These diffusion controlled processes could cause
limitations in the rate capability due to the increased solid/electrolyte interfacial resistance
and/or diffusion constraints [61]. Except for the narrow potential regions around the redox
peaks, the b-values of the major potentials are in the range of 0.8-1.0, showing more capacitive
behaviour of the Mn3O4 in APC-THF electrolyte. The kinetics analysis of the CV curves
suggests a combined effect between the diffusion-controlled interfacial reactions involving the
THF solvent and the surface-governed capacitive processes in the Mn3O4 cathode.



To distinguish qualitatively between the capacitive and redox based contribution, the current
response at a fixed potential can be expressed as the combination of surface capacitive effects
(kwv) and diffusion-controlled processes (k2v?): i(V) = kav + kov*2[21,22,62]. By determining
both the ki1 and k2 constants through the plots of v’ vs i v’ in Fig. 9a, it is possible to quantify
the fraction of contribution from each of these two processes [21]. As shown in Fig. 9b, the
area under the CV curve represents the total stored charge that arises from both the diffusion-
controlled and non-diffusion-controlled processes. A dominating capacitive contribution (the
shade area) of ~77% is obtained. As the scan rate increases, the capacitive contribution
becomes more pronounced in accordance with the more rectangular shape and more weakened
redox peaks of the CV curves in Fig. 8a. As a consequence, similar to the supercapacitor, the
charge/discharge limitation is mainly the transfer of ions and electrons to the surface plane of
the electrode material rather than the ion diffusion in solid state. These findings should also be
applicable to the synthesized MnzOs-based nanocomposites, since their electrochemical
behaviour was quite similar to that of the pure Mn3Os nanoparticles. Thus, the capacitive
governed charge storage mechanism in the synthesized Mn3Os-based materials may account
for their high rate capability and excellent long cycling stability (see Fig. 2 and Fig. 3). It is
also a reasonable explanation for the close relationship between the electrochemical
performance of the synthesized materials and the morphological features and surface properties.

4. Conclusions

In conclusion, the capacitive-governed mechanism endows the synthesized MnzOs-based
materials with capacitor-characteristic performance (high rate capability and long cycling
stability) in a Mg battery configuration. This makes it feasible to improve the electrochemical
performance by controlling the morphology features and the surface properties of the electrode
materials to maximize the active surface sites for charge storage. Thus, the MRGO-4
nanocomposite with good dispersity of Mn3O4 nanoparticles and the enhanced conductivity
delivers a reversible capacity of ~220 mAh g at 15.4 mA g and ~80 mAh g at 1.54 A g},
much higher than the pure Mn3O4 nanoparticles (~100 mAh g at 15.4 mA g and ~20 mAh
glat1.54 A gt). Another nanocomposite, MGO, which possesses the highest surface area and
largest amount of functional groups among the synthesized composites, provides reversible
capacities equivalent to the MRGO-4 composite. These promising cell performances obtained
from the capacitive-type cathodes broaden the selectivity of electrode materials which are
limited by the sluggish solid-state Mg diffusion.
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Scheme 1. Preparation routes of Mn3O4 nanoparticles, MGO and MRGO nanocomposites.
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Scheme 2. Illustration of the proposed magnesiation processes for the Mn3;O4 nanoparticles, MGO and
MRGO nanocomposite cathodes in a Mg battery.



Fig. 1. Typical bright field (BF) TEM images of (a and b) MGO, (c and d) MRGO-4, and (e and f)
MRGO-8 nanocomposites.
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Fig. 2. The cell performances of Mn3zO4, MGO and MRGO cathodes of a Mg battery: (a) galvanostatic

charge/discharge profiles, and (b) cycling stability at 15.4 mA g*. The electrochemical data of Mn3O4
is referred from our previous work (Ref [3]) and shown for comparison.
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previous work (Ref [3]) and shown for comparison. (b) Long cycle life of MRGO-4 at 308 mA g
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Fig. 6. XPS Mn 2p spectra of Mn3;O4 cathodes at different cell states in APC-THF electrolyte.



Fig. 7. Ex-situ TEM images of Mn3O4 cathodes at (a,b) pristine, (c,d) magnesiated and (e,f)
demagnesiated states in APC-THF electrolyte.
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referred from our previous work (Ref [3]) and shown for comparison.
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Fig. S2. ATR-FTIR spectra of the synthesized samples.

Fig. S3. The selected area electron diffraction (SAED) patterns of (a) Mn3O4 nanoparticles, (b)
MGO, (c) MRGO-4, and (d) MRGO-8 nanocomposites.
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The slight anodic peak (a’ and b’) shift is probably caused by the different morphology features
and surface properties of the synthesized materials.
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Fig. S7. The charge storage performances of Mn3O4, MGO and MRGO electrodes in the
symmetrical cell configuration, all the measurements were carried out in 1M MgCl. aqueous
electrolyte between 0 and 1 V: (a) Comparison of CV curves at 50 mV s, (b) CV curves of
MRGO-4 at varying scan rates. (c) Plot of specific capacitance as a function of charge rates.
Inset: Galvanostatic charge/discharge curve of MRGO-4 at 4 A g.



Fig. S8. (a) Mn map, (b) O map and (c) Mg maps of Mn3O4 nanoparticles that shown in Fig.
4a. (d) Mn map, (e) O map and (f) Mg maps of MnzO4 nanoparticles that shown in Fig.4c.
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Fig. S9. (a) HAADF STEM image of the magnesiated Mn3O4 cathode in APC electrolyte, and

the corresponding EDS mappings of (b) Mn-Mg, (c¢) O, (d) Mn and (e) Mg. (f) Comparison of

the Mn L3 and the O-K edges between the surface part and the bulk part of the magnesiated

Mn304 cathodes.



Table S1. Specific and volumetric capacities of MnsO4 nanoparticles, MGO and MRGO

nanocomposites at 15.4 mA g*

Mn304 MGO MRGO-1 MRGO-2 MRGO-4 MRGO-8
Specific ~100 ~220 ~150 ~180 ~220 ~115
capacities
b Specific ~80 ~176 ~120 ~144 ~176 ~92
capacities
¢ volumetric ~21 ~47 ~32 ~38 ~47 ~25
capacity

2 Specific capacities (mAh g1) are related to the mass of the active materials

b Specific capacities (mAh g?) are related to the mass of the electrode materials

¢ Volumetric capacities (mAh mL™) were obtained based on the approximate thickness of the
electrode film of around 15 pum. The low volumetric capacities (~20-50 mAh mL™?) are
caused by the fact that the charge storage in the studied cell system is surface-dependent.

Table S2. Elemental analysis, specific surface area and electronic conductivity of MnzO4
nanoparticles, MGO and MRGO nanocomposites

Sample Cwt% Hwt% Nwt% C/H C/N BET (m?*g?Y)  Conductivity (S m?)
Mn3O4 - - - - - 102 4.18-10°%
MGO 8.64 0.97 1.25 8.91 6.91 159 6.45-106
MRGO-1 8.17 0.75 0.82 10.9 9.96 123 9.13-107
MRGO-2 8.76 0.76 0.8 115 10.9 127 2.55-10*
MRGO-4 7.76 0.63 0.7 12.3 111 121 1.41
MRGO-8 15.3 0.56 0.24 27.4 63.8 118 244




