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Abstract 

This study investigates the effect of thermal and mechanical processing of MnO​2 nanoparticle             

cathodes on the electrochemical performance, ion intercalation mechanism and structural          

changes upon cycling. Thermal processing at different temperatures is utilized to tune the             

sub-nanoparticle polymorph composition, while mechanical processing (high energy        

ball-milling) is used to change the particle size and create a better contact between active               

material and conductive graphite additive. The combination of thermal and mechanical           

processing is also investigated for possible synergistic effects. The structural changes due to             

processing suggest that thermal treatment of the MnO​2 nanoparticles at 400 ℃ forms a high               

concentration of pyrolusite domains (1 × 1 channels) leading to improved reversibility of lithium              

intercalation/de-intercalation and capacity retention. It is also found that ball-milling for a short             

time (20 min) leads to some amorphization and decrease of the crystallite sizes resulting in               

 



higher concentration of 1 × 1 channels and improved capacity. The structural changes and ion               

intercalation mechanism of the pristine and processed electrode materials during cycling are            

investigated by ​ex situ synchrotron x-ray diffraction (XRD) and ​ex situ and ​in situ x-ray               

absorption near edge structure (XANES) studies. 
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Introduction 

Among Li-ion battery (LIB) cathodes, manganese dioxide compounds have attracted significant           

attention due to their low cost, nontoxic nature and high theoretical capacity of 308 mAh g​-1 for                 

one electron transfer [1]. MnO​2 is the most common cathode material in primary Li-ion batteries,               

and has also been investigated for use in secondary Li-ion batteries [2]. However, this material               

suffers from rapid capacity fading in LIB electrolytes. The MnO​2 polymorphs most commonly             

considered as battery cathodes are ramsdellite (R-MnO​2​, 1 × 2 channels), pyrolusite (β-MnO​2​, 1              

× 1 channels), akhtenskite (ε-MnO​2​), gamma (γ-MnO​2​), and electrolytic manganese oxide           

(EMD-MnO​2​) that have a mixture of 1 × 2 and 1 × 1 channels and defects [3-11]. ​The challenges                   

associated with using EMD as the most common cathode in LIB electrolyte include presence of               

water, specifically OH​- ions, within the MnO​2 crystal lattice, which decreases the material’s             

density and specific capacity and causes gassing during cycling in LIB electrolytes[2,9,1213,14].            

Therefore, thermal treatment of EMD-MnO​2 at temperatures above 300℃ has been proposed as              

a necessary step before cycling to remove structural water [15].  
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Other important factors often overlooked in studies of manganese oxide cathodes are the             

polymorph composition and structural properties, which vary significantly with synthesis and           

heat treatment conditions [16-18]. Previously, we have reported on the significance of MnO​2             

polymorph composition in the redox mechanisms in aqueous electrolytes. Thermal treatment           

results in gradual change of polymorph composition through the conversion of 1 × 2 channels to                

1 × 1 channels [18]. ​The lack of such characterization for the EMD starting material and                

annealed products is likely the cause of significant inconsistencies in the electrochemical results             

for HEMD as LIB cathodes [12, 13, 19-21]. To the best of our knowledge, systematic               

investigation of thermal and mechanical processing on performance of MnO​2 nanoparticles as            

LIB cathodes has not been done before and is presented in this paper.  

An ​in situ XRD study of HEMD treated at 350 ℃ under air showed variation in first discharge                  

capacities (105 to 256 mAh g​-1​) for samples with different polymorph composition, crystallite             

size, and surface area and showed that a higher fraction of pyrolusite in the treated sample favors                 

higher initial capacity and faster discharge rates in LIB electrolytes [19]. HEMD treated at 400               

℃ under N​2 showed high capacity for the first discharge (270 mAh g​-1​) followed by capacity loss                 

when cycled between 2-3.8 V. The structural changes in the electrode material during cycling              

were investigated with ​ex situ XRD and it was found that on the initial stages of discharge,                 

pyrolusite tetragonal unit cells start to expand due to Li-ion insertion followed by conversion to               

an orthorhombic crystalline structure (Li​x​MnO​2​), which is rechargeable in Li-ion electrolyte           

shrinking and expanding anisotropically (within 10% in unit cell volume) [13]. Tan et al.              

reported ~225 mAh g​-1 first discharge capacity for HEMD treated at 375 ℃ in air (β/γ-MnO​2​,                

mainly β-MnO​2​) which degraded to ~130 mAh g​-1 in the second cycle and reached 70 mAh g​-1                 

after 100 cycles [14]. 

Loss of electrical connectivity between nanoparticles and the current collector is often reported             

as a cause for rapid capacity degradation. Ball-milling of active electrode materials with             

conductive additive has been reported to improve the capacity and cycle life of Li-ion battery               

electrodes due to crystal size reduction and better electrical contact of nanoparticles with the              

current collector [22-25]. Ball-milling of alpha MnO​2 ​with carbon nanotubes (6 : 4 weight ratio)               
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improved the initial specific capacitance (160 F g​-1 vs 127 F g​-1​) of the composite [26].                

Improvement to both specific capacity and cycle performance was demonstrated for ball-milled            

Sn​4​P​3​/graphite composite [25] due to amorphization of active material which helped reversibility            

of the redox reaction. In this study we systematically investigate the effect of ball-milling of               

MnO​2 nanoparticles with graphite on the cycling performance as LIB cathodes and redox             

mechanisms through detailed characterization of structural changes within the material.          

Additionally the effect of combining of thermal and mechanical processing on the active material              

is also reported. 

This work provides fundamental understanding of the mechanisms behind the benefits of thermal             

and mechanical processing for cathode materials using ​ex situ synchrotron XRD, ​ex situ and ​in               

situ synchrotron XAS and will be insightful for researchers working on improving performance             

of LIB electrodes. 

Experimental 

MnO​2​ nanoparticles synthesis 

MnO​2 nanoplatelets were synthesized by dissolving 4.00 g of MnSO​4​⋅H​2​O (Acros Organics) in             

430 mL DI water followed by addition of 45.07 g of the oxidizing agent Na​2​S​2​O​8               

(Sigma-Aldrich). The clear solution was heated to 100℃ under magnetic stirring and held at that                

temperature for 450 min. The nanoparticles were filtered, washed with DI water and dried at               

90°C. The average yield of the reaction was 90 ± 2%. All nanoparticles used in this study were                  

from the same batch. 

  

Thermal treatment of MnO​2​ nanoparticles 

Per thermogravimetric analysis (TGA) of the pristine sample (Figure S1, supplemental           

information)​, the nanopowder was heat-treated at temperatures, 270 ℃, 320 ℃ and 400 ℃,              

representative of different hydration states, for 5 h in a tube furnace under static air atmosphere                
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[18]. The as-synthesized (pristine) and annealed samples are abbreviated as P, A270, A320 and              

A400 throughout the manuscript. 

  

Ball-milling of MnO​2 ​nanoparticles with graphite nanoplatelets 

In this series of samples, graphite nanoplatelets (GNP-M5, XGSciences) were used as a             

conductive carbon additive. 1.30 g of MnO​2 nanoparticles, 0.37 g of graphite nanoplatelets (70 :               

20 wt% ratio) and 30 of 0.25” stainless steel balls (McMaster-Carr) were placed in a stainless                

steel vessel and processed in a high energy ball-mill (MTI MSK-SFM-3, 1400 rpm) for 20 min,                

40 min and 60 min. Resulting samples are labeled as B20, B40 and B60, respectively throughout                

the manuscript. 

  

Li-ion cell preparation 

The MnO​2 electrodes for Li-ion coin cells and in situ pouch cells were prepared by casting                

slurries composed of 70 : 20 : 10 weight ratio of active material, acetylene carbon black                

conductive filler (STREM Chemicals) and polyvinylidene fluoride (PVDF, Sigma Aldrich)          

binder in 1-methyl-2-pyrrolidinone (NMP, Sigma Aldrich) solvent on an aluminum current           

collector (0.018 mm thick) using a doctor blade. For the nanopowders ball-milled with GNP, the               

slurry was composed of 90 : 10 weight ratio of ball-milled sample (containing 70 : 20 wt% ratio                  

of MnO​2 ​: graphite) and PVDF. The coin cells (CR2032) were assembled inside an argon-filled               

glovebox using an automated cell crimper (MSK-160D1, MTI Corporation) with Li foil as             

anode (0.2 mm thick, Goodfellow), a porous membrane separator (Celgard 2325) and 1.2M             

LiPF6 in 3 : 7 volume ratio of ethylene carbonate, ethyl methyl carbonate as electrolyte               

(Tomiyama Chemicals).  
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 ​Electrochemical characterization 

Cyclic voltammetry of the coin cells was conducted ​between 1.7 V and 4.5 V at 0.5 mVs​-1 using                  

a EzStat Pro potentiostat/galvanostat (Nuvant Systems, Inc); galvanostatic cycling in the           

potential range between 1.8 V and 4.5 V was performed using a battery cycler (BST8-MA, MTI                

Corporation) at C/10 charge rate​. The cycling results presented are the average values of at least                

two cells. 

  

X-ray powder diffraction 

The crystallographic structure of the nanoparticles was identified by X-ray powder diffraction            

(XRD, Bruker D2 Phaser with a LynxEye detector and Cu-K⍺ source with λ = 1.54 Å). The                 

diffraction patterns were measured over a 2θ range of 10–100 with 0.02 2θ step and and 8 s/step                  

dwell time. The high resolution synchrotron XRD (λ = 0.41Å) measurements were conducted at               

the 11-BM beamline of the Advanced Photon Source at Argonne National Laboratory. The             

diffraction patterns were collected with 0.001° 2θ step size and 0.1 s/step dwell time. The               

synchrotron x-ray diffraction patterns (λ = 0.41Å) were converted to Cu-K⍺ radiation (λ = 1.54                

Å) using Bragg’s Law for comparison purposes.  

The ex situ samples were prepared from cycled electrodes, extracted from coin cells. The              

electrodes were separated from the aluminum foil current collectors and sealed for the             

measurement using adhesive Kapton tape. Samples were stored under Ar atmosphere until the             

measurement. 

To obtain information on particle size, phase composition and ratio of the phases in each sample,                

XRD patterns were refined by the Rietveld method using GSAS and EXPGUI software packages              

[27-29]. ICSD crystallographic information [30] was used as a starting point for all refinements. 
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X-ray absorption spectroscopy 

To investigate the oxidation state changes occurring during processing and cycling of the             

electrodes ​ex situ ​and in situ x-ray absorption spectroscopy (XAS) measurements were            

performed at the Materials Research Collaborative Access Team (MRCAT), 10-BM and 10-ID            

beamlines [31, 32], at the Advanced Photon Source. ​The Si(111) double crystal monochromator             

was calibrated by using a standard Mn foil to measure Mn K-edge (6537.75 eV) XAS. ​Gas filled                 

ion chambers were utilized to measure the x-ray intensities: I​0 (before x-ray and sample              

interaction), I​t (after transmitting through the sample), and I​f (fluorescence x-rays emitted after             

interaction). The XAS spectra were aligned, merged and normalized using the Athena software             

from the IFEFFIT package [33, 34]. ​The ​in situ custom pouch cells were assembled using               

lithium foil as the counter electrode, porous membrane separator and the electrolyte, inside an              

argon-filled glovebox. The cells were vacuum sealed inside the glovebox and covered with             

adhesive Kapton tape. The pouch cells were cycled in the beamline using a EZ-potentiostat,              

while ​in situ XAS spectra were collected as continuous scans in fluorescence mode using a Lytle                

detector fluorescence ion chamber. 

  

Scanning electron microscopy 

Size and morphology of nanoparticles were examined by scanning electron microscopy (SEM,            

Hitachi S-4700) ​and statistically analyzed using ImageJ software [35]. Samples for SEM were             

prepared by drop-casting dilute suspensions of nanoparticles in ethanol onto a silicon wafer. 

  

Results and discussion 

Thermal treatment of MnO​2​ nanoparticles 

The average size of pristine MnO​2 nanoplatelets (P) was estimated to be 140±22 nm in diameter                

and 24±6 nm in thickness by analysis of SEM images (Figure S1, supplemental information).              
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Annealed nanopowders showed no significant difference in morphology, consistent with          

previously reported results [18]. 

Rietveld refinement (Table 1) of the pristine MnO​2 nanoparticles showed a polymorph            

composition of 37±1 wt% ramsdellite and 63±1 wt% akhtenskite and an average grain size of 3 ×                 

3 nm for ramsdellite and 17 × 10 nm for akhtenskite (Figure S2, supplemental information).               

Thermal treatment at 270 ℃ and 320 ℃ resulted in partial conversion of both phases to gamma                 

phase due to structural water removal, while treatment at 400 ℃ results in complete conversion               

to pyrolusite due to conversion of 1 × 2 channels to 1 × 1 channels [18]. Changes in crystalline                   

sizes (Table 1) also show dynamic conversion of phases with thinning of ramsdellite and growth               

of gamma domains as the treatment temperature increases. 

XANES analysis (Figure S3, supplemental information) of the pristine nanoparticles showed the            

presence of mixed valence Mn​3+​/Mn​4+ sites, which are likely coordinated with H​+ ions due to the                

aqueous synthesis of pristine MnO​2 nanopowder. In thermally treated samples the edge positions             

were shifted toward higher energies, indicating an increase in average oxidation state with             

increase in annealing temperature, which is consistent with water removal by thermal treatment             

(Figure 1a). 

Table 1. Rietveld refinement results of the XRD patterns of the pristine and heat treated samples. 

  Ramsdellite Akhtenskite Gamma Pyrolusite 

  wt% crystallite 
size (nm) 

w% crystallite 
size (nm) 

wt% crystallite 
size (nm) 

wt% crystallite 
size (nm) 

P 37 ± 1 3 × 3 63 ± 1 17 × 10 - - - - 

A270 28 ± 1 6 × 1 51 ± 1 16 × 7 21 ± 1 15 × 3 - - 

A320 21 ± 1 2 × 19 51 ± 1 18 × 5 28 ± 1 28 × 28 - - 

A400 - - 37 ± 1 14 × 11 - - 63 ± 1 2 × 7 
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The first CV cycles of the pristine and annealed MnO​2 nanoparticles (Figure 1b) show multiple               

oxidation peaks in the range between 2.8 V and 4.5 V, related to variation in phase composition                 

and differing electrochemical activity of MnO​2 polymorphs. The shift in potentials between the             

cathodic and anodic peaks decreases as the temperature of the treatment increases, suggesting             

better redox reversibility.  

  

Figure 1. a) The derivatives of the XANES regions for pristine and annealed MnO​2 nanoparticles               

from the ​ex situ XAS spectra at Mn K-edge and b) cyclic voltammograms of the pristine and                 

annealed samples at 1​st​ cycle and at 0.5 mVs​-1​. 

  

Galvanostatic cycling of the electrodes (Figure 2a) showed the highest first discharge capacity in              

pristine and A400 samples, 278 mAh g​-1 and 283 mAh g​-1​, respectively, but differing capacity               

fading behavior is observed across the series (Table 2). After an initial capacity drop (25 cycles)                

the annealed samples show much slower capacity degradation than the pristine material. The             

A400 sample with the highest fraction of pyrolusite showed the best capacity retention of 77%               

after 100 cycles, consistent with better peak reversibility of pyrolusite MnO​2 polymorph with 1 ×               

1 channels observed in CV measurements. 
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Two-step reduction has been reported for HEMD in LIB electrolyte. During initial discharge             

pyrolusite domains first irreversibly convert to a lithiated phase (Li​x​MnO​2​) followed by the             

reversible lithiation of this new phase through insertion of additional lithium [2, 13, 16]. The               

fraction of lithiated phase gradually displaces the original HEMD [2]. A similar mechanism was              

proposed for ramsdellite MnO​2 - formation of orthorhombic Li​x​MnO​2 in the initial stages of               

lithiation (0≤x≤0.3) of the hexagonal-close-packed structure of ramsdellite, followed by the           

complete conversion to LiMnO​2​ in deep discharge [17]. 

As per XANES results, the pristine material (P) showed some fraction of Mn​3+ (Figure S3,               

supplemental information), the galvanostatic cycling of the cells always started with charge to             

bring the cathode material to more uniform Mn​4+ lattice for Li intercalation (Figure S4,              

supplemental information)​. From the capacity of the first charge it can be estimated that ~56% of                

Mn sites are oxidized on the first charge, which is consistent with a shift to higher energies of the                   

XANES. Lithiation of MnO​2 in the first discharge (Figure 2b), shows a broad plateau at ~2.7 V                 

corresponding to the intercalation of Li-ions into ramsdellite and aktenskite phases of the             

original material. The second charge capacity is very close to that of the first discharge with a                 

distinct plateau at 3.1 V (Figure 2b). In the second discharge two distinct plateaus are observed at                 

2.8 V and 3.2 V, which are different from the broad plateau on the first discharge, clearly                 

indicating the formation of a new phase. These features remain in the 100​th charge and discharge                

curves with significantly lower capacity (Figure 2b), which shows loss of redox activity of the               

newly formed phase. 
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Figure 2. a) Galvanostatic cycling of the pristine ​at C/10 charge rate ​and heat-treated MnO​2               

nanoparticles and b) Galvanostatic charge/discharge curves for the pristine MnO​2​ nanoparticles. 

  

Ex situ ​synchrotron XRD of cycled electrodes of the pristine MnO​2 nanoparticles (Figure 3)              

shows that after the first cycle both akhtenskite and ramsdellite phases are largely converted to a                

new lithiated phase with broad features between 18-22, at 35 and at 45 degrees (Figure 3 and S5,                  

supplemental information). This phase’s reflection positions are in good agreement with           

LiMn​2​O​4 (LMO), which is considered to be a promising cathode for high power density LIBs               

[36-38]. The ​in situ ​formation of LMO results in a high initial capacity of 278 mAh g​-1​. With                  

cycling the characteristic peak between 18-22 degrees broadens (Figure 3) and decreases in             

intensity suggesting loss of crystallinity and amorphization of this phase consistent with decay             

in the electrochemical performance. It has been reported that the electrochemical performance of             

LiMn​2​O​4 significantly depends on its crystallinity and crystallite size and it suffers from Mn              

dissolution into the electrolyte in the presence of acidic species by disproportionation, resulting             

in performance degradation [36-38]. There is no significant change in the diffraction patterns of              
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the cathode material in the charged state and discharge state of each cycle (Figure 3 and S5,                 

supplemental information), indicating the persistence of the LiMn​2​O​4 structure with Li vacancies            

after de-lithation . 

  

Figure 3. Synchrotron XRD patterns of uncycled and cycled ​pristine MnO​2 nanoparticles in the              

1​st​, 2​nd​, 50​th​ and 100​th​ discharged states. 

  

Table 2. Discharge capacities in the 1​st and 100​th cycles and capacity retention after 25​th cycle of                 

pristine and annealed MnO​2​ nanoparticles. 

  

  

Sample 

1​st​ discharge 

capacity (mAh g​-1​) 

100​th​ discharge 

capacity (mAh g​-1​) 

Capacity retention 

over 75 cycles (%) 
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P 278 ± 14 94 ± 13 55 

A270 237 ± 27 116 ± 13 74 

A320 247 ± 29 94 ± 24 59 

A400 283 ± 2 126 ± 3 77 

  

These results show the significance of thermal treatment as a tool to improve the redox               

reversibility and capacity retention of MnO​2 as LIB cathodes. Specifically, it can reduce the              

variability of phase composition between different batches without change in particle           

morphology and facilitate the conversion of less ordered structures such as akhtenskite,            

ramsdellite and gamma phase to more ordered pyrolusite polymorph with 1 × 1 channels, which               

has shown the best cycling performance as LIB cathode amongst other polymorphs.            

Additionally, we have demonstrated electrochemical ​in situ formation of a highly active            

LiMn​2​O​4​-like phase - bypassing the complexity of chemical synthesis of this compound, which             

resulted in high initial capacity. The performance fading of the MnO​2 nanoparticles is most likely               

due to the amorphization of the newly formed phase upon lithiation (Figure 3) and probably Mn                

dissolution due to the deep discharge [17].    

Mechanical processing of the samples 

Since the crystal size, conductivity and crystallinity have been reported to play an important role               

in electrochemical performance of electroactive materials, specifically LiMn​2​O​4 [36-41],         

mechanical processing (high energy ball-milling) of the MnO​2 nanoparticles with graphite was            

investigated. Unlike thermal treatment, mechanical processing of the nanoparticles in a high            

energy ball-mill has a significant impact on the nanomaterial’s morphology and crystallinity as a              

function of treatment time. As seen in Figure 4, at 20 min processing time (sample B20) most of                  

the MnO​2 nanoplatelets maintain their morphology and are well dispersed within graphite            
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particles. Continuous ball-milling for longer times (40 min and 60 min) results in indistinct              

morphology of both MnO​2​ and graphite (Figure 4c-d). 

  

Figure 4. SEM images of a) pristine MnO​2​, b) B20, c) B40, d) B60 nanocomposites and XRD                 

patterns of pristine and ball-milled MnO​2​ nanoparticles. 

The XRD patterns confirmed amorphization of both MnO​2 and graphite with increased            

processing times (Figure 4e). Nanoparticles ball-milled for 20 min (B20) are slightly            

amorphized, showing broader peaks with less intensity than pristine sample (Figure 4e).            

Rietveld refinement of the patterns shows smaller crystallite sizes (Table 3). A slight decrease in               

the ratio between ramsdellite and akhtenskite phase fraction (R/ε) is observed in the B20              

sample. As the ball-milling time increases, the crystallite sizes of both MnO​2 and graphite              

decreases, as well as the R/ε ratio. Even after 60 min of mechanical processing considerable               

amounts of crystalline ramsdellite and akhtenskite phases remain in the samples. The akhtenskite             

polymorph appears to be more physically stable at longer ball-milling times indicated by a              

decreasing trend in the R/ε ratio from Rietveld refinement (Table 3).  

Ex situ XANES spectra of the ball-milled samples (Figure 5a) show an increasing shift of the Mn                 

K-edge to lower energies with ball-milling time, indicating reduction in average Mn oxidation             

state and is most likely related to the oxidation of the graphite during the ball-mill processing and                 

elevated temperatures in the vessel. 
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Table 3. Polymorph composition, crystallite size and the ratio of ramsdellite to akhtenskite             

weight fractions (R/ε) from Rietveld refinement for pristine and ball-milled MnO​2​ nanoparticles. 

 

Sample 

Ramsdellite Akhtenskite Graphite R/ε 

wt% crystallite size 
(nm) 

wt% crystallite size 
(nm) 

wt% crystallite size 
(nm) 

P 37 ± 1 3 × 3 63 ± 1 17 × 10 - - 0.59 

B20 30 ± 1 3 × 2 54 ± 1 12 × 6 16 ± 1 14 × 14 0.56 

B40 28 ± 1 3 × 1 58 ± 1 7 × 5 14 ± 1 5 × 7 0.48 

B60 27 ± 1 3 × 1 55 ± 1 7 × 4 18 ± 1 6 × 5 0.49 

  

Cyclic voltammograms of the ball-milled samples (Figure 5b) show that current density in the              

first cycle decreases as the ball-milling time increases. Sample B60 showed the least redox              

activity amongst the samples. The results suggest the significance of sample crystallinity of             

MnO​2​ nanoparticles and the conductive graphite additive in redox activity of the material. 
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Figure 5. a) The derivatives of the XANES regions for pristine and ball-milled MnO​2              

nanoparticles from the ​ex situ XAS spectra at Mn K-edge and b) cyclic voltammograms of the                

pristine and ball-milled samples at 1​st​ cycle and at 0.5 mVs​-1​. 

Galvanostatic cycling of electrodes showed better electrochemical performance of the B20           

sample with initial capacity of 319±8 mAh g​-1​, which gradually decreased upon cycling, but              

remained consistently higher than that of the pristine material. Ball-milling for longer times (B40              

and B60 samples) resulted in a more rapid performance degradation (Figure 6a). By the 100​th               

cycle, the capacity of sample B20 faded (Figure 6a) to a close but slightly higher value than the                  

capacity of the pristine material (Table 4). Thus ball-mill processing for 20 min results in a                

composite with a slight crystallite size reduction, minimal amorphization, and a lower R/ε ratio,              

which improves the capacity (Figure 4e and Table 3). However, significant capacity fading is              

observed in long term cycling. 
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Figure 6. a) Galvanostatic cycling of the pristine and ball-milled MnO​2 nanoparticles and b)              

Galvanostatic charge/discharge curves of B20 sample. 

Table 4. 1​st and 100​th discharge capacities and ​capacity retention from the 25​th to the 100​th cycle                 

for pristine and ball-milled MnO​2​ nanoparticles. 

sample 1​st​ discharge capacity (mAh g​-1​) 100​th​ discharge capacity (mAh g​-1​) Capacity retention over 75 

cycles (%) 

P 278 ± 14 94 ± 12 55 

B20 319 ± 8 102 ± 6 46 

B40 248 ± 23 72 ± 14 42 

B60 247 ± 29 77 ± 7 54 
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Similar to the pristine sample, oxidation of Mn​3+ to Mn​4+ is observed in the first charge of B20                  

sample (Figure S4, supplemental information). Charge/discharge curves of B20 sample (Figure           

6b) look very similar to those of the pristine sample with the exception of better defined plateaus                 

on the second charge, which is likely due to facilitated Li​+ removal and accessing the sites, which                 

were not accessible in the pristine sample, resulting from smaller crystal size (Table 3) and               

higher conductivity from the graphite in the composite. The latter suggests similar lithiation             

mechanism in both P and B20 samples through ​in situ formation of electrochemically active              

LiMn​2​O​4​.  

In situ XAS data (Figure 7a) correspond to P and B20 samples with first discharge capacities of                 

206 mAh g​-1 and 230 mAh g​-1 respectively (Figure 7b). The results show that while both P and                  

B20 samples are in nearly the same oxidation state at OCV and in the charged state (Figure 7b,                  

S6 and Table S1, Supplemental information), B20 is less reduced in the first discharge compared               

to the pristine sample (Figure 7a). ​Ex situ spectra after 100 cycles (Figure 7c) show a smaller                 

energy shift in discharged states compared to the first cycle (Figure 7a) in agreement with the                

lower observed capacity. B20 extracted ​electrode, which delivered higher 100​th discharge           

capacity than the pristine electrode (95 mAh g​-1 vs 78 mAh g​-1​), showed more change in                

oxidation state than pristine in 100​th discharge (Figure 7c), in agreement with the galvanostatic              

cycling results (Figure 6a).  
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Figure 7. a) ​In situ XANES regions, b) galvanostatic ​charge/discharge curves (C/10) and c) ​ex               

situ​ XANES regions of XAS spectra at the Mn K-edge, for P and B20​ in situ​ pouch cells. 

The higher initial capacity in some ball-milled samples suggests the importance of the             

crystallinity, crystal size, accessibility due to better contact with the conductive material and             

local environment for electrochemical performance, while rapid capacity fading is likely related            

to Mn​2+ dissolution and capacity fading mechanism of pristine material which most likely             

includes amorphization of LiMn​2​O​4​-like phase by cycling.  

Combination of thermal and mechanical processing techniques 
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Improved capacity retention was observed in A270 and A400 samples highlighting the            

significant effect of both water removal and concentration of pyrolusite domains on the             

reversible intercalation of Li ions. On the other hand, ball-milling for moderate times results in               

enhanced initial capacity (B20), most likely due to improved conductivity introduced by            

well-mixed graphite and smaller crystallite size. Therefore, a possible synergistic effects of            

thermal and mechanical processing and the treatment order were investigated by annealing            

pristine MnO​2 ​nanoparticles from the same batch at 270 ℃, followed by ball-milling for 20 min                

(AB sample) and ball-milling the pristine nanoparticles, followed by annealing at 270 ℃ (BA              

sample).  

A lower degree of amorphization for the AB sample was observed compared to the BA sample,                

showing more defined MnO​2 platelets in this sample in SEM images (Figure 8a and b),               

suggesting that the order of processing affects the morphology and level of amorphization. 
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Figure 8. SEM images of a) annealed-ball-milled (AB) and b) ball-milled-annealed (BA) MnO​2             

nanoparticles and c) XRD patterns and d) Galvanostatic cycling for pristine, AB and BA              

nanoparticles at C/10 charge rate. 

The XRD patterns also showed more amorphization for MnO​2 nanoparticles in the BA sample              

compared to the AB sample probably due to the facilitated structural water removal from the               

stressed structure resulting from ball-milling (Table 5 and Figure 8c). As the Rietveld refinement              

results in Table 5 show, in the AB sample the ramsdellite and akhtenskite weight fractions are                

significantly decreased to 9 ± 1 wt% and 38 ± 1 wt%, respectively and 19 ± 1 wt% gamma                   

phase has formed. However, in BA, while ramsdellite is almost completely converted to gamma              

phase, which has a slightly bigger crystal size than gamma in AB (Table 5), the akhtenskite                

fraction is only decreased to 48 ± 1 wt%. The MnO​2 nanoparticles in both BA and AB samples                  

were amorphized more than the ball-milled samples showing that the combination of the             

techniques has a more destructive effect upon the crystalline phases than ball-milling alone             

(Figure 8c and S7, supplemental information). 

AB sample showed slightly higher discharge capacity than pristine nanoparticles in the initial             

cycles (Figure 8d), most likely due to smaller crystallite sizes and improved conductivity due to               
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ball-milling with graphite. BA sample showed slightly better capacity retention in long cycling,             

which could be attributed to almost complete elimination of the ramsdellite phase and higher              

concentration of the 1 × 1 channels.  

Although there is still room for processing optimization as far as combination of techniques goes               

to better control crystallinity, morphology and phase composition of MnO​2 cathode, there            

appears to be no significant synergistic effect in the presented combination of treatments. 

  

Table 5. Rietveld refinement results and capacity retention after 25​th cycle of XRD patterns of               

the pristine, annealed-ball-milled (AB) and ball-milled-annealed (BA) MnO​2​ nanoparticles. 

 Sample Ramsdellite Akhtenskite Gamma GNP Capacity 

retention 

over 75 

cycles (%) 

wt% crystallite 
size (nm) 

wt% crystallite
size (nm) 

wt% crystallite 
size (nm) 

wt% crystallite 
size (nm) 

P 37 ± 1 3 × 3 63 ± 1 17 × 10 - - - - 55 

AB 9 ± 1 6 × 3 38 ± 1 9 × 7 19 ± 1 10 × 3 34 ± 1 1 × 18 43 

BA 1 ± 1 16 × 52 48 ± 1 7 × 6 28 ± 1 10 × 2 23 ± 1 2 × 23 61 

  

Conclusions 

In this study the effects of thermal and mechanical processing on performance of MnO​2              

nanoparticles as a cathode for Li-ion batteries were investigated. As-synthesized nanoparticles           

composed of ramsdellite and akhtenskite polymorphs (37 : 63 wt%) showed 278 mAh g​-1 initial               

discharge capacity, but rapid capacity fading. Thermal treatment at 400℃ resulted in conversion              

of initial phases to pyrolusite without change in particle morphology and improved cycle             

stability with discharge capacity of 126 ± 3 mAhg​-1 after 100 cycles. Synchrotron ​ex situ ​XRD                

investigation of lithiation and capacity fading mechanism suggests conversion of the original            
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phases to a lithiated LiMn​2​O​4​-like phase after the first cycle. This newly formed phase with               

smaller crystallite sizes, participates in reversible lithiation/de-lithiation during charge and          

discharge cycles. Capacity fading correlates with loss of crystallinity of this electrochemically            

formed phase during cycling. Ball-milling of the nanoparticles with graphite for 20 min resulted              

in smaller crystallite sizes, higher crystalline akhtenskite to ramsdellite ratio, and significantly            

higher 319 ± 8 mAh g​-1 initial capacity likely due to better conductivity within the sample.                

Capacity fading, however, is a remaining issue for this composite cathode. Longer ball-milling             

times resulted in more amorphous samples, lower capacity and faster capacity fading. The             

combination of thermal and mechanical processes and the order of treatments was also             

investigated. The results suggest that the order of the two treatments has a significant effect on                

the level of amorphization and morphology of the nanocomposites. The combination of the             

treatments results in higher amorphization for the same processing time than ball-milling alone.             

Despite differences in the sample morphology that was achieved, no significant synergistic effect             

between the processing methods can be reported. 
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