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A B S T R A C T   

Rechargeable multivalent ion battery such as Mg-ion battery is considered as a candidate for high-density battery 
technology because of its high volumetric capacity and low tendency to form dendrites. Development of cathode 
materials for Mg-ion batteries requires good understanding of the intercalation and adsorption processes of Mg2+

ions into and on the host materials. We observed recently that nanostructure is beneficial for the development of 
Mg2+ cathode materials with high capacity. In this work, we describe the preparation of flower-like three- 
dimensional (3D) nanostructures of birnessite MnO2 through an electrochemical conversion reaction from γ-MnS. 
This 3D birnessite MnO2 exhibited a total capacity of ~360 mAh/g in aqueous electrolyte for the initial cycle. We 
further characterized the insertion of Mg2+ ions in the atomic layers of MnO2 nanoflowers using scanning 
transmission electron microscopy (STEM) technique, revealing the energy storage mechanism of Mg2+ ions in 
3D, ion-accessible MnO2 nanostructures.   

1. Introduction 

Multivalent ion batteries have attracted much attention in recent 
years as a next-generation technology for energy storage [1–15]. While 
lithium-ion batteries show impressive high performance, further 
improvement are needed to meet the energy density and low-cost 
requirement for the mobile and stationary energy storage applications 
[16–24]. In this context, Mg-ion battery is an alternative because of its 
high earth abundancy (2.33 ×104 ppm for Mg vs. 20 ppm for Li), high 
volumetric capacity (3833 mAh/cm3 for Mg vs. 2046 mAh/cm3 for Li) 
and lack of dendrite formation when Mg metal is used as the anode 
[1–4]. Thus, there is a sustained research interest in Mg-ion batteries 
over the past decade despite of the challenges. 

One main challenge is the development of high-capacity cathode 
materials due to the sluggish kinetics of divalent or other multivalent 
ions [3,25,26]. Chevrel phase Mo6S8 was identified to be a plausible 
cathode material for Mg-ion batteries [27], though its small discharge 

voltage (1.1 V vs. Mg) and relatively low capacity (<100 mAh/g) limit 
its potential applications [28,29]. In recent years, researchers have 
studied other cathode materials for Mg-ion batteries including MnO2 
[30–44], spinel-phase Ti2S4 [45], olivine-phase MgFeSiO4 [46], and 
layered V2O5 [47,48]. Among these candidates, MnO2 exhibits high 
theoretical capacity (308 mAh/g), large discharge potential (~2.8 V vs. 
Mg) and relatively low cost [1]. Different phases of MnO2 have been 
studied for their charge storage performance, including hollandite 
α-MnO2 [30], spinel λ-MnO2 [31,32], and birnessite δ-MnO2 [33–38,41, 
49–51]. Birnessite MnO2 is of interest for its layered structure with 
edge-sharing MnO6 units [1,33]. It has been studied as supercapacitor 
material and explored as cathode material for multivalent ion batteries 
[33–38,52]. We reported recently that reducing the particle size of 
MnO2 could greatly facilitate the intercalation of Mg2+ ions in the host 
materials [32]. This size-dependent enhancement in capacity suggests a 
new strategy for making active cathode materials by creating accessible 
nanostructures using layered MnO2. 
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Here, we report a synthesis of flower-like nanostructures of birnessite 
MnO2 through an unconventional, electrochemical conversion from 
γ-MnS solid precursors. The electrochemical performances of birnessite 
MnO2 nanoflowers as cathode materials for Mg-ion batteries were 
determined using a three-electrode system in an aqueous electrolyte [31, 
32]. High-angle angular dark-field (HAADF) scanning transmission 
electron microscopy (STEM) and electron energy loss spectroscopy 
(EELS) provide direct evidence that Mg2+ ions intercalated into the 
layered structures of birnessite MnO2 nanoflowers, aiding our under-
standing on the charge storage mechanism of multivalent ions in host 
materials. 

2. Experimental 

2.1. Materials 

Manganese (II) acetate tetrahydrate (Mn(CH3COO)20.4 H2O, 
99.99%, metals basis, Aldrich), polyvinylpyrrolidone (PVP, MW 
~29,000, Aldrich), sulfur (S, >99.99%, Aldrich), ethylene glycol 
(C2H6O2, Macron), polyvinylidene fluoride (PVDF, >99.5%, MTI Cor-
poration), carbon black (Super P Conductive, 99 +%, metals basis, Alfa 
Aesar), activated carbon (MTI Corporation), magnesium nitrate hexa-
hydrate (Mg(NO3)20.6 H2O, 99%, Sigma-Aldrich), 1-methyl-2-pyrrolidi-
none (NMP, 99.5%, Sigma-Aldrich), carbon disulfide (CS2, 99.99%, 
Fisher Scientific), and ethanol (200 proof, Decon Labs, Inc) were used as 
received. The 304 stainless steel shim was purchased from 6304 to 1, 
Trinity Brand Industry. Silver-silver chloride reference electrode with 
porous Teflon tip was purchased from CH Instruments, Inc. 

2.2. Synthesis of spherical γ-MnS 

In a typical synthesis, 0.1575 g of Mn(CH3COO)20.4 H2O (0.643 
mmol), 0.3729 g of PVP (1.286 ×10− 2 mmol) and 0.0206 g of S (0.643 
mmol) were dissolved in 19.29 mL of ethylene glycol solvent in a home- 
made 45-mL Teflon liner. A uniform mixture was obtained by stirring 
vigorously for 1 h using a magnetic stirrer/hot plate (VWR, Cat. No. 
97042–714). The Teflon liner was then sealed in a stainless-steel auto-
clave, heated at a ramping rate of 5 ◦C/min to 190 ◦C and maintained at 
this temperature for 2 h in a box furnace (Thermo Fisher Scientific™, 
Lindberg/Blue M™). After the reaction, the autoclave was cooled to 
room temperature naturally. The resulting pink product (~ 30 mg) was 
collected and washed with 10 mL of DI water for three times, followed 
by centrifuging at 9000 rpm for 15 min (Beckman Coulter Inc., Allegra 
X-30 Series) until a clear supernatant was obtained. Then the sample was 
dried under vacuum at 60 ◦C overnight to obtain the final product. 

2.3. Electrochemical preparation of birnessite MnO2 nanoflowers from 
γ-MnS 

In a typical protocol, the synthesis was conducted in 50 mL glass cell 
using a standard three-electrode system, which was monitored and 
controlled by a potentiostat (CH Instruments 760E). Platinum wire was 
used as the counter electrode and Ag/AgCl as the reference electrode. 
The working electrode was prepared starting with mixing the spherical 
γ-MnS, carbon black (Super P), and PVDF at a mass ratio of 8:1:1 in a 
predetermined amount of 1-methyl-2-pyrrolidinone (NMP) solvent in an 
agate mortar. Typically, around 1 mL of NMP was used for making a 
slurry containing 0.1 g of spherical γ-MnS. This slurry was ground for 
20–30 min in order to obtain a uniform mixture. The slurry was then cast 
on top of a stainless steel shim with a micrometer adjustable film 
applicator (film casting doctor blade, MTI) at a mass loading of ~1.5 
mg/cm2. The stainless-steel shim with the cast slurry film was dried at 
120 ◦C overnight in a vacuum oven. A round disk of the stainless-steel 
shim (2 cm in diameter) was made by a disc cutter (MTI, MSK-T-06) 
and used as the working electrode. The carbon electrode was prepared 
using the same protocol as γ-MnS by mixing activated carbon, carbon 

black (Super P), and PVDF at a mass ratio of 8:1:1. 
The electrochemical process for making birnessite MnO2 nano-

flowers started with galvanostatic charge and discharge cycles at a rate 
of 50 mA/g γ-MnS cathode materials in the above three-electrode system 
using 40 mL of Mg(NO3)2 aqueous solution (1 M) as the electrolyte. The 
cycle range was set between –0.2 V and 1 V (vs. Ag/AgCl). The product 
formed after five cycles was collected on the working electrode upon the 
completion of the 5th charge. The obtained working electrode was 
rinsed with ~10 mL of DI water and dried at room temperature. The 
working electrode with the as-prepared materials was immersed in CS2 
for 2 h and then rinsed with 10 mL of ethanol for three times and dried at 
80 ◦C to remove the CS2 solvent. 

2.4. Electrochemical tests 

Galvanostatic and cyclic voltammetry (CV) charge and discharge 
studies were conducted in the three-electrode cell as described above 
using the same amount of 1 M Mg(NO3)2 aqueous solution. Galvano-
static charge and discharge cycles were also in the voltage range be-
tween –0.2 V and 1 V (vs. Ag/AgCl) at a preset rate of 2 C (616 mA/g). 
The mass was calculated based on active materials on the working 
electrode after washing with CS2. The CV curves were measured in the 
voltage range from –0.6–1.2 V (vs. Ag/AgCl) at various scan rates. A 
conditioning cycle was carried out before the CV cycle was recorded for 
analysis. 

Full cell tests were conducted in a beaker cell using a two-electrode 
system with 15 mL of Mg(NO3)2 aqueous solution (1 M) as the electro-
lyte. The cathode material served as the working electrode and the 
carbon electrode is the counter and reference electrode. Galvanostatic 
tests were performed in the voltage range between –0.8 V and 1 V (vs. 
carbon) at a rate of 1 C (308 mA/g). The Coulombic efficiency was 
calculated through dividing the charge capacity by discharge capacity. 

2.5. Characterization 

X-ray diffraction (XRD) of the powder samples was measured using a 
Rigaku Miniflex 600 diffractometer with Cu Kα X-ray source (λ =
1.54056 Å). A typical run was between 10◦ and 80◦ 2θ at a scan rate of 
0.04◦ 2θ per second. The powder was directly spread evenly on top of the 
sample holder. The XRD patterns for the samples on electrodes were 
collected on Bruker D8 Advance XRD system at a scan rate of 0.1◦ 2θ per 
second. The electrodes on the stainless foil were fixed on top of the 
sample holder with a small piece of clay. The XRD data was analyzed by 
using Jade 9.0 software (Materials Data, Inc). 

High-resolution transmission electron microscopy (HRTEM) images 
were obtained using JEOL 2100 Cryo TEM with a LaB6 emitter at 200 
kV. For the preparation of TEM specimen, the formed powders were 
scratched off from the electrodes using a plastic spatula. The powder 
sample was then dispersed in about 1 mL of ethanol sonicated for 30 min 
to form a uniform dispersion. One drop of the dispersion was cast on a 
TEM grid and dried at room temperature to make the specimen. 

Scanning electron microscopy (SEM) images were collected using a 
Hitachi S4700 microscope at an acceleration voltage of 10 kV. The 
specimen was prepared by spreading the powder samples (γ-MnS) or 
placing the electrodes on top of the sample holders using carbon tape. 
SEM energy-dispersive spectroscopy (EDS) was performed with analysis 
mode at a voltage of 20 kV. HAADF-STEM, STEM-EDS, and EELS were 
performed using a Themis Z analytical (S)TEM (Thermo Fisher) at a 
voltage of 300 kV. The preparation of the sample was the same as those 
specimen for HRTEM. HADDF-STEM images were collected at the beam 
current of ~20 pA, and HAADF detector semi-angles between 50 and 
200 mrad. STEM-EDS mapping was obtained using a continuous scan 
mode with frame time of ~1 s for a total of around 30 min. EELS 
spectroscopy was acquired on a Gatan imaging filter (GIF Quantum 965) 
with an energy dispersion of 0.1 eV/channel. Energy Dispersive X-ray 
Fluorescence (EDXRF) was performed on a Shimadzu EDX-700 
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spectrometer with Rh X-ray source. The electrodes were directly loaded 
on the sample holder for testing. 

X-ray photoelectron spectroscopy (XPS) analysis was performed 
using a Kratos Axis ULTRA with an Al Kα X-ray source. The data pro-
cessing and peak fitting were performed using the CasaXPS software. 
The peak position and full width half maximum (FWHM) were analyzed. 

Inductively coupled plasma mass spectroscopy (ICP-MS) analysis 
was performed on a PerkinElmer NexION 350D system. The sample was 
prepared by scratching off around 2 mg of the cathode materials from 
electrodes for analysis. 

3. Results and discussion 

3.1. Preparation of birnessite MnO2 nanoflowers 

Birnessite MnO2 nanoflowers were prepared using γ-MnS particles as 
the starting materials through an electrochemical conversion process. 
The γ-MnS particles were synthesized by a hydrothermal method. SEM 
study indicates the morphology of γ-MnS particles is spherical with di-
ameters ranging from 200 nm to 2 µm (Fig. 1a). Powder XRD pattern 
showed the diffraction peaks matched well with those from γ-MnS 
(PDF#: 00–040–1289) and the final product was in pure hexagonal 
phase in P63mc space group (Fig. 1b). The conversion to birnessite 
MnO2 was carried out by galvanostatically cycling the γ-MnS spheres in 
1 M Mg(NO3)2 aqueous solution. Fig. 2 shows the capacity profile of 

initial five charge-discharge cycles using γ-MnS nanoparticle as the 
cathode from − 0.2–1.0 V (vs. Ag/AgCl) at a rate of 50 mA/g. The long 
plateau at ~0.1 V in the first charge suggests that the conversion reac-
tion of γ-MnS took place during this process and Mn2+ ions in γ-MnS 
were oxidized to Mn4+ in MnO2. Four more galvanostatical cycles were 
conducted to complete this conversion reaction. The capacities in the 
2nd to 5th cycle were significantly lower than the initial charge process, 
indicating most of the γ-MnS reacted in the first cycle. After five cycles, 
the discharge capacity eventually stabilized at ~270 mAh/g, suggesting 
that the conversion was completed (inset of Fig. 2). 

Fig. 3a shows the SEM image of the final product after the 5th 
discharge, showing the transformation of initial spherical particles into 
flower-like 3D nanostructures. The MnO2 cathode materials prepared 
through the electrochemical method show more accessible 3D structures 
and thinner layers than those made using hydrothermal method 
(Fig. S1). The HAADF-STEM image depicts there existed the multi- 
domains at few nanometer-sized range. These domains whose bound-
aries are indicated by the blue lines have different orientations in the 
nanoflowers (Fig. 3b). The nanocrystalline nature is further supported 
by the ring pattern observed in the selected area electron diffraction 
(SAED) image (Fig. S2). STEM-EDS was used to analyze the elemental 
distribution of this flower-like product. Fig. 3c shows that Mn, O and Mg 
were evenly distributed in the product, and no S element was detected. 
The atomic ratio between Mn and O was determined to be approxi-
mately 1:2, suggesting the composition of this flower-like material is 
MnO2 (Fig. S3, Table S1). Sulfur element, however, was detected to be 
~19 at% by SEM-EDS and ~60 at% by EDXRF on the cathodic electrode 
(Fig. S4, Table S2 and S3). The content of S detected was relatively high 
by EDXRF, because EDXRF has a larger penetration depth (~ 100 µm) 
than SEM-EDS (≤2 µm). This result suggests that a separate S-enriched 
layer was formed besides the nanoflower-like MnO2 materials after the 
cycling. XRD pattern of cathode electrode shows sharp diffraction peaks 
from elemental S besides birnessite MnO2 (Fig. S5), suggesting the 
electrochemical process could undergo the following conversion:  

MnS + 2 H2O → MnO2 + S + 4 H+ + 4e-                                         (1) 

Carbon disulfide (CS2) was used as a solvent to remove the S layer 
generated because of its good solubility of elemental S. Fig. 3d shows the 
XRD pattern of the cathode materials after the 5th charge and washing 
with CS2 for 2 h. While the diffraction peaks from birnessite MnO2 
remained the same, those from elemental S disappeared [52]. SEM-EDS 
result shows only 2 at% of S was detected from the final product after 
the washing step, indicating that S was mostly removed (Fig. S6, 
Table S4). ICP-MS result shows that the cathode material contains 
28.5 wt% of Mn, corresponding to ~45 wt% of MnO2. The amount of Mg 
was measured to be 0.58 wt% after the sample charged, and the 

Fig. 1. (a) SEM image and (b) XRD pattern of γ-MnS spheres.  

Fig. 2. Performance curves of the first and subsequent four charge-discharge 
cycles (inset) of the spherical γ-MnS. The electrochemical conversion was car-
ried out in 1 M Mg(NO3)2 aqueous solution at a rate of 50 mA/g. 
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remaining 55 wt% was made of carbon and PVDF (Table S5). This mass 
ratio of MnO2 was used for the calculation of mass capacity. Fig. S7 
shows that the flower-like morphology remained after the removal of S 
element, suggesting a good morphological stability of birnessite MnO2. 

3.2. Electrochemical performance of birnessite MnO2 nanoflowers 

Fig. 4 shows the charge-discharge profile of the birnessite MnO2 
nanoflowers in a 1 M Mg(NO3)2 aqueous electrolyte at a rate of 2 C 
(616 mA/g). In the first discharge, the voltage decreased rapidly with 
capacity when the potential was above 0.1 V. This discharge behavior is 
largely associated with the double layer capacitance [53]. A broad 
plateau appeared at about 0 V, corresponding to the intercalation of 
Mg2+ ions, which contributed a high capacity of ~250 mAh/g. The 
overall capacity for the first discharge reached around 360 mAh/g. This 
value is higher than the theoretical capacity of 308 mAh/g for the 
intercalation of Mg2+ into MnO2, suggesting surface capacitance 
contributing to the total appearance capacitance, similar to other metal 
oxide cathode materials previously reported [54]. The high capacity 
could be attributed to both high efficiency in ion intercalation and high 
surface capacitance because of the unique structures of the flower-like 
morphology made of nm-thin plates. The shortened diffusion depth of 
the thin layers help facilitate the intercalation of Mg2+ ions. Highly 
accessible surface offered by the open structure provides a large number 
of active sites for the adsorption of Mg2+ ions on the surface of the 
cathode materials. We further noted that the capacity contributed from 
both surface capacitance and intercalation increased when the rates 
decreased (Fig. S8). Furthermore, the discharge capacity changed from 
~360 mAh/g to ~200 mAh/g after ten cycles, likely resulting from the 
dissolution of Mn (Fig. S9) [33]. 

Full cell test was conducted using a carbon electrode as the anode 
and birnessite MnO2 nanoflowers as the cathode at a rate of 1 C 

Fig. 3. (a) SEM image, (b) HAADF-STEM image, (c) STEM-EDS mapping of flower-like cathode materials after 5th discharge before CS2 washing. All scale bars are 
50 nm. (d) XRD patterns of the cathode materials obtained after 5th charge before and after washing with CS2. 

Fig. 4. Representative charge-discharge profile of the birnessite MnO2 cath-
ode material. 
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(308 mA/g). Fig. 5a shows the charge-discharge curves of the 1st, 5th, 
10th, 20th and 50th cycle. The discharge capacity is 309 mAh/g in the 
initial cycle. The charge-discharge capacity became ~200 mAh/g in the 
first 20 cycles, and it did not change much in the remaining tests (50 
cycles in total). The charge/discharge capacity and the corresponding 
Coulombic efficiency were presented in Fig. 5b. Both charge and 
discharge capacity decreased in the first 20 cycles to ~200 mAh/g and 
stabilized around this value. In the first 20 cycles, the discharge capacity 
was higher than that for the charge process, leading to low Coulombic 
efficiency. The Coulombic efficiency increased from ~88% to ~98% 
after 20 cycles. This conditioning process is similar to what we previ-
ously observed for λ‑MnO2 in aqueous electrolyte. [32] The capacity 
decay and lowered Coulombic efficiency in the initial cycles could be 
resulted from heterogeneity in local structure and lattice distortion 
during cycling, as well as the likely side reactions, such as Mn 
dissolution. 

CV study was performed on the final, CS2-washed birnessite MnO2 
nanoflowers. The scan rate was varied from 1 to 50 mV/s in order to 
examine the contributions of the Faradaic process and double layer 
capacitance, respectively, to the overall capacity (Fig. 6). The oxidation 
peak centered at 0.8 V and the reduction peak was around − 0.2 V 
(Fig. 6a). The contributions of Faradaic process and surface capacitance 
to the total currents (i) at difference scan rate (v) were quantified by the 
following equation: 

i(V) = a1v+ a2v0.5 (1)  

where a1 and a2 are the parameters and as functions of operating po-
tential. The two terms on the right-hand side of the equation represent 
the currents from the double layer capacitance and Faradaic process, 
respectively. This equation can be rewritten as: 

i
v0.5 = a1v0.5 + a2 (2) 

Thus, a1 and a2 can be obtained from a linear fit of i/v0.5 as a function 
of v0.5 based on the values obtained from the CV curves at different scan 
rates (Table S6 and S7). Fig. S10 shows the current contributed from 
double layer capacitance and Faradaic process at each scan rate. 

The shape of CV curves for the Faradaic process remained largely the 
same, and the reduction peak was around 0 V, which is consistent with 
the potential of intercalation plateau in the first discharge (Fig. 4). The 
capacitance increased as the scan rate increased, judging by the area 
under the CV curves. This result indicates that capacitive response 
dominated at high scan rates. The contributions from Faradaic process 
and surface capacitance to the total charge storage were calculated from 
the areas of CV curves. Fig. 6b shows the contribution from surface 
capacitance increased from 31% to 76% when the scan rate increased 
from 1 mV/s to 50 mV/s. These data suggest that capacitance domi-
nated at high scan rates and was more significant in birnessite MnO2 
nanoflowers than others. For example, for 80-nm spinel MnO2 nano-
particles, double layer capacitance contributed ~17% of the total ca-
pacity at a scan rate of 10 mV/s [32], but ~59% for birnessite MnO2 
nanoflowers at the same scan rate. The contribution from capacitive 
response to the total capacity could be attributed to the large surface 
area associated with the 3D nanoflower morphology and the crystal 
phase. Intercalation was dominant at relatively slow scan rates in CV 
and charge/discharge cycles, in good agreement with the observation of 
a long discharge plateau, as shown in Fig. 4. 

Fig. 5. Performance of full cell tests at a rate of 1 C. (a) Charge-discharge curves of the 1st, 5th, 10th, 20th, and 50th cycle. (b) Charge/discharge capacity and 
Coulombic efficiency in the first 50 cycles. 

Fig. 6. (a) CV curves and (b) the corresponding contributions of charge storage in MnO2 from capacitance and Faradaic processes at different scan rates.  
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3.3. Microscopic analysis of the insertion of Mg2+

Fig. 7 shows the electron microscopic studies of birnessite MnO2 
nanoflowers after the first charge and discharge. Representative SEM 
image shows that the flower-like morphology with 3D open structures 
well remained after the first cycle (Fig. 7a). STEM-EDS mapping shows 
the distributions of Mn, O and Mg elements were uniform across the 
particle of nanoflower after the discharge (Fig. 7b). The atomic ratio 
between Mn and O remained around 1:2, and a high amount of Mg 
(~10 at%) was detected in the active materials, corresponding to an 

amount of 0.31 Mg2+ per unit formula of MnO2, which is equivalent to a 
capacity of ~190 mAh/g if the divalent ions intercalated in the solid 
matrix (Fig. S11, Table S8). HRTEM micrographs show various domains 
of lattices existed in these MnO2 nanoflowers after charge and discharge 
and oriented in different directions (Fig. S12, S13). The domains of these 
nanoflowers are all a few nanometers in size and exist with rich 
boundaries between them in the samples after discharge (Fig. S12a-b) 
and charge stages (Fig. S13a-b), suggesting facile transports should be 
structurally favored. The SAED contains ring-like patterns with uneven 
intensities at different angles, indicating the birnessite MnO2 

Fig. 7. (a) SEM image, (b) STEM-EDS mapping of birnessite MnO2 after the first discharge (scale bars: 200 nm). Atomic structure along the (c, d) < 001 >and (e, f) 
< 010 > zone axis of birnessite MnO2 after (c, e) discharge and (d, f) charge. Color code for the illustrations: Mn (purple), O (red), and Mg (yellow). 
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nanoflowers were polycrystalline with many small domains at different 
orientations (Fig. S12c and S13c). Careful examination of the SAED 
patterns show the diffraction rings of the discharge samples, shown in 
Fig. S12c, are brighter than those after charging (Fig. S13c), further 
indicating the MnO2 nanoflowers had higher crystallinity after 
discharge than those after charge. 

HAADF-STEM was used to examine the atomic details of the MnO2 
nanoflower cathode materials after the charge-discharge cycle (Fig. 7c- 
f). Manganese atoms were observed in the STEM images of the layered 
structures taken along the <001> zone axis because of their large Z 
contrast (Fig. 7c-d). The Mg atoms were partially blocked by Mn along 
the <001> zone axis, thus could not be resolved, so there is almost no 
difference between the STEM images after discharge and charge in 
Fig. 7c and d. The nanometer-scale contrast variations indicate slightly 
different orientations in the layered structures, typically < ~3–4 nm in 
size. Within each domain, lattices exhibit good structural order with the 
bright spots being Mn atoms. Insertion of Mg2+ ions occurred and were 
observed along the <010> zone axis of the birnessite-type structures 
(Fig. 7e-f). The bright spots of Mg2+ ions were visible between the MnO2 
atomic layers after discharge, which had an average interlayer distance 
of about 5.5 Å along the <010> zone axis (Fig. 7e). After the charge, no 
bright spots were observed in between the birnessite MnO2 layers and 
the interlayer distance increased to around 6.8 Å (Fig. 7f). The average 
layer spacing of 6.8 Å for the charged sample agrees well with that 
previously reported (7 Å) [33]. This change in interlayer spacing could 
be understood because after the discharge, Mg2+ ion inserted into the 
layer space of MnO2 host structures with oxygen anions in contact with 
the guest cations, and the charge interaction pulled the exposed oxygen 
anions closer [33,55]. Up to ~10 at% Mg was detected in the discharged 
sample and 2.6 at% Mg was detected after the first charge by STEM-EDS 
(Table S8 and S9). The fine nm-sized domain size and layered nature of 
nanoflowers could greatly facilitate the interaction of Mg2+ ions, espe-
cially at a large number of edges of layered structures along the <010>
direction of birnessite MnO2. 

3.4. EELS and XPS characterizations 

EELS and XPS were carried out to further study the chemical envi-
ronment of birnessite MnO2 and Mg2+ ions in the host structures after 
the charge and discharge stages. Fig. 8a shows the EELS spectroscopy of 
Mg K-edge in birnessite MnO2 nanoflowers after the first discharge. The 
peak with an onset edge energy of around 1310 eV indicates there exists 
a large amount of Mg2+ ions within the probed area (Fig. S14). The value 
of onset energy for Mg2+ ions was shown to be 10 eV higher than that of 
Mg metal in the EELS. Both the onset energy and the observed Mg edge 
fine structure were in agreement with those of the Mg2+ ions shown in 
the previous study [56]. The XPS Mg 1 s spectra, which were taken from 

a much larger volume than that in EELS, show that the oxidation state of 
Mg cations did not change greatly between the charge and discharge 
samples, suggesting only Mg2+ ions were involved and no reduced Mg 
species formed (Fig. S15a). The XPS data show the overall oxidation 
state of Mn cations in these nanoflowers decreased after the discharge 
(Fig. 8b, Table S10). After the charge, Mn3+/Mn4+ ratio dropped when 
compared to that after the discharge, as measured by the peak areas. 
This result suggests that Mg2+ ions intercalated into MnO2 in the 
discharge, resulting in a drop in the average oxidation state of Mn cat-
ions (Table S10). The XPS O 1 s data whose peaks centered at 530 eV 
with a shoulder at 532 eV, which can be assigned to hydroxide or oxy-
hydroxide group, could result from the formation of MnOOH (Fig. S15b) 
[33]. EELS spectroscopy was used to examine the surface oxidation state 
of the birnessite MnO2 nanoflowers (Fig. S16). Specifically, the Mn L2,3 
ratio was used to evaluate the oxidation state of Mn [57,58]. Our results 
show that this ratio is similar between the samples after charge and 
discharge. This observation is likely associated with the formation of a 
MnOx shell on the surface of birnessite MnO2 after the galvanostatic 
cycles in an aqueous electrolyte. Similar phenomenon was reported 
previously in aqueous electrolytes with both λ-MnO2 and α-MnO2 [59, 
60]. Thus, the formation of MnOx shell renders it impossible using EELS 
to detect the changes in electronic configuration of the bulk in these 
materials. 

4. Conclusions 

We developed an approach to the preparation of birnessite MnO2 
nanoflowers from γ-MnS spheres through an unconventional, electro-
chemical process. These MnO2 nanoflowers with fine nm-sized domains 
were used as cathode materials for Mg2+ intercalation, exhibiting a ca-
pacity of up to about 360 mAh/g in the initial discharge in aqueous 
electrolyte. In the full cell tests using a carbon electrode as the anode, an 
initial discharge capacity was measured to be 309 mAh/g and the 
charge-discharge capacity became and maintained at ~200 mAh/g for 
50 cycles. STEM-HAADF studies provide direct evidence for the inter-
calation of Mg2+ ions in the atomic layers of MnO2 nanoflowers. This 
result highlights an important benefit of using nm-sized, open structures 
as electrode materials. Thus, this study provides a viable and facile 
strategy in the design of electrode materials for multivalent ion batteries 
based on unique, ion-accessible 3D nanostructures. 
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