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A B S T R A C T   

Cathodes of lithium-ion batteries (LIBs) present stability and performance issues, therefore, the search of new cathodes is still a major concern. Manganese dioxide in 
delta phase (δ-MnO2) seems to be a suitable candidate since is low-cost, non-toxic and possesses a theoretical capacity of 308 mAhg− 1 for one-electron transfer. In this 
work, we prepared δ-MnO2 by a hydrothermal method at two different reaction times. At 2 h, a flower-like nanostructure was obtained, while for a 3 h reaction time, 
a solid nanostructure was achieved. Both materials were tested as cathode in a LIB, finding that at slow charge-discharge rates (20 mAg− 1), a material with ho
mogeneous nanosized morphology is enough in order to obtain good capacities. But, at higher rates, our flower-like structure provides a better discharge capacity.   

1. Introduction 

Lithium-ion batteries (LIBs) possess a high storage capacity that al
lows their application in almost every electric device, from cellphones to 
vehicles [1,2]. Commercially, there are three cathodes types: LixMnO2 
(M = Co, Ni, Mn), LiM2O4 (M = Co, Ni, Mn) and LiMPO4 (M = Fe) [3]. 
However, due to stability and performance issues (low capacity, struc
tural changes, among others) these are non-suitable cathodes anymore 
[4]. Manganese dioxide (MnO2) is low-cost and non-toxic material that 
could present various crystal structures that allow intercalation of cat
ions, which makes it a promising electrode material for energy storage 
applications [5–8]. 

MnO2 can be found as α-MnO2, β-MnO2, γ-MnO2, ε-MnO2 and 
δ-MnO2, presenting different crystal structures. The most studied ma
terial for Li-ion batteries, due to its good reversibility, is α-MnO2 [9]; 
however, bulk MnO2 capacity decays rapidly due to volume changes, 
which leads to the transformation of the crystalline structure [10]. In 
order to overcome this situation, nanomaterials have been proposed, 
since they provide a large surface, which assures a better contact be
tween electrode and electrolyte, shorting Li+ pathways [11–13]. Also, 
δ-MnO2 is capturing much attention due to its theoretical capacity of 
308 mAhg− 1, which has allowed its application in energy storage in 
different types of batteries [14–19]. It has a lamellar structure of MnO6 

octahedral sheets that share edges, and interlayers can intercalate ions 
of 7 Å or less, like Li+ [20], which is an advantage in its use within 
lithium-ion batteries, since the Li-ion does not return to the same place 
where it was extracted, so when returning to the cathode and reincor
porating in another area prevents changes in volume, reducing the risk 
of material pulverization and, therefore, improving the stability of the 
cathode. Different crystalline structures of MnO2 have been tested as 
cathodes in LIBs, for example, Wang et al., synthesized δ-MnO2 and 
tested it as a cathode in a LIB battery, where they discover that the 
material exhibited poor cycling stability, showing an initial value of 138 
mAhg− 1, decaying at 71 and 29 at cycles 50th and 100th [21]. Moazzen 
et al., prepared MnO2 nanoparticles consisting of ramsdelite (R-MnO2) 
and akhtenskite (ε-MnO2) polymorphs (37:63 wt%), where they found 
that the initial 278 mAhg− 1 discharge capacity rapidly faded [22]. 
However, during our research we discover that there are few papers that 
studied charge-discharge tests at high rates (>1000 mAg− 1). Pol et al., 
studied α-MnO2 at different rates, including 500 mAg− 1, obtaining a low 
specific capacity of less than 50 mAhg− 1, which was associated to the 
sluggish kinetics of Li ion at high current density [23]. Wang et al., 
prepared δ-MnO2 and tested it as cathode in a LIB, showing a discharge 
capacity of 23 mAg− 1 at 1540 mAg− 1, but the size of their material was 
about 200–300 nm. Also, the binding and conductive agents that they 
employed were Super P and CMC 4% [21]. In this work, we synthesized 
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δ-MnO2 of 150 nm by a hydrothermal method, varying the reaction 
time: 2 and 3 h, where δ-MnO2,2h had a flower-like structure and 
δ-MnO2,3h presented solid spheres. These materials were tested as a 
cathode in a Li-ion battery, where it was possible to determine that at 
slow rates, a material with homogeneous nanosized morphology is 
enough in order to obtain good capacities. However, for the rest of rates, 
especially high rates, the flower-like structure of δ-MnO2,2h presented 
better charge–discharge capacities of 44 and 24 mAhg− 1 at 1000 and 
2000 mAg− 1, respectively. 

2. Experimental 

All chemicals reagents received without further purification. Poly
vinylidene fluoride (PVDF), 1-methyl-2-pyrrolidinone (NMP) and 
lithium hexafluorophosphate in ethylene carbonate and diethyl car
bonate (LiPF6/EC/DEC (50/50)) were acquired from Sigma-Aldrich. 
Potassium permanganate (KMnO4, 98%), carbon black, manganese (II) 
sulfate (MnSO4⋅H2O, 100%), acetone (CH3COCH3, 99.5%) and Celgard 
2400 membranes were purchased from Alfa-Aesar, Fuel Cell Store®, 
Fermont, Faga Lab and Asahi Kasei, respectively. All aqueous solutions 
were prepared with Milli-Q® water (18 MΩ, Millipore). 

2.1. Synthesis of δ-MnO2. 

The synthesis of δ-MnO2 was carried out through a hydrothermal 
method [24]. Briefly, 1.8 mmols of KMnO4 were placed in 25 mL of 
water and allowed to stir for 15 min. Simultaneously, 0.3 mmol of 
MnSO4 in 25 mL of water was stirred. After, both solutions were mixed 
in a Teflon reactor for 30 min. Then, the mixture was placed in a 
stainless-steel reactor and the reaction proceeded for 2 or 3 h at 160 ◦C. 
Finally, the product was collected, centrifuged (5000 rpm for 15 min) 
and washed three times with water and acetone. The reaction is in 
Equation (1). 

2KMnO4 + 3MnSO4 + 2H2O→5MnO2 +K2SO4 + 2H2SO4 (1)  

2.2. Physicochemical and electrochemical characterization 

The identification of crystalline phases was performed by X-ray 
diffraction (XRD) employing a diffractometer Philips X’pert MPD. The 
intensity data were collected with 2θ ranging from 3 to 90◦ with 0.05◦ of 
step-size. The morphology of MnO2 was analyzed by scanning electron 
microscopy (Tescan, Vega3). The specific surface area was obtained by 
an Autosorb-iQ (Quantachrome Instruments) using the Brunauer- 
Emmet-Teller (B.E.T.) equation. A potentiostat/galvanostat (Biologic, 
VMP-300) was used for all the electrochemical tests. An El Cell-cell 
battery was employed at room temperature (25 ± 1 ◦C), were (LiPF6/ 

EC/DEC (50/50) and Celgard 2400 were used as an electrolyte and as a 
separator membrane, respectively, and the cathodes were stainless steel 
disks (d = 17 mm). Catalytic inks were prepared, containing 80 wt% of 
MnO2, 10 wt% of PVDF, 10 wt% of carbon black and N-mp (N-methyl- 
pyrrolidone) was used as a solvent. The ink was used to modify the 
surface of the cathodes. One modified, the cathode was placed on a 
heating grid for 60 min at 250 ◦C with a heating ramp of 25 ◦C/min. For 
the LIB assembly, a sandwich structure was followed, placing the cath
ode first, then the membrane and, finally, the lithium chip. Before as
sembly, the membrane was immersed in the electrolyte (LiPF6/EC/DEC 
(50/50)) for 4 h. In all measurements, a lithium chip was employed as 
the anode and a glove box with controlled Ar environment was used for 
the LIB assembly. Cyclic voltammograms (CV) were carried out in the 
potential range from 2.0 to 4.5 V vs. Li/Li+ at a scan rate of 0.1 mVs− 1. 
Electrochemical impedance spectroscopy (EIS) was evaluated in the 
frequency range from 10 mHz to 100 kHz. The charge-discharge curves 
were studied through battery capacity determination (BCD) analysis, in 
the same potential range as CV. 

3. Results AND discussion 

3.1. Physicochemical characterization 

Fig. 1 shows XRD spectra of flower like δ-MnO2 synthesized at 2 h 
and 3 h. In both materials, diffraction peaks at 12.2, 24.8, 37 and 66◦ of 
2θ were obtained, corresponding to crystalline planes (001), (002), 
( − 111) and (020), respectively, of δ phase (JCPDS No. 43-156). Peaks 
corresponding to other MnO2 phases were not observed, which confirm 

Fig. 1. X-ray diffraction patterns of flower like δ-MnO2 synthesized in 2 h and 
3 h. 

Fig. 2. SEM micrographs of flower like δ-MnO2 at different synthesis time. a) 2 h and b) 3 h.  
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the purity of the material. The δ-MnO2 is made up from loosely bound 
layers of edge shared MnO6 located at the (001) planes. Its crystal 
structure is birnessite (monoclinic). The lattice constants for δ-MnO2,2h, 
are a = 0.5147 nm, b = 0.2834 nm and c = 0.7193 nm (spacing between 
(001) planes), while a = 0.5136 nm, b = 0.2828 nm and c = 0.7252 nm 
for δ-MnO2,3h. c corresponds to the spacing between MnO6 monolayers 
[24]. From these results, we obtained the c/b value (an indication of 
anisotropical growth in the axial direction), being 2.538 for δ-MnO2,2h, 
and 2.564 for δ-MnO2,3h. Correlating this parameter with the synthesis 
time, one could infer that the crystallites elongate in the c axis as a 
function of the synthesis time due to the insertion of a larger number of 
free K+ cations into the interlayer spacing. 

The method to determine the apparent density of a flower-like 
δ-MnO2 sample is the same method for determining the bulk density 
of any powder. In case of a monoclinic structure, the volume of unit cell 
is determined as: 

V = abc*sin(β) (2) 

For our birnessite monoclinic type structure β = 103.7◦ for 
δ-MnO2,2h and 103.8◦ δ-MnO2,3h, and the unit cell is made up of four 
bases for a total of two atoms of Mn and 6 atoms of O. The density of the 
material is calculated as: 

ρ =
M
V

=
[(15.998*6) + (54.938*2) ]

abcsin(β)*6.023*1023 (3)  

where M is the molar mass and V is the volume of the unit cell. 
Then, the value of density is determined as: 3.353 × 106 g m− 3 and 

3.341 × 106 g m− 3 for δ-MnO2,2h and δ-MnO2,3h respectively, which 
corresponds to data reported in specialized literature. 

Morphology and size of δ-MnO2 were studied by SEM, as can be seen 
in Fig. 2. δ-MnO2,2h showed homogeneous particles in a structured 
order. These particles, of about 150 nm, presented a flower-like 
morphology and, accordingly to Yu et al., these flower-like structures 
are composed of interconnected nanosheets that forms the 3-D struc
tured [25]. Semi-homogeneous particles in a structured order were able 

to see in δ-MnO2,3h (Fig. 2b). However, the flower-like structure was not 
present. Based on SEM results, we can propose that in this hydrothermal 
reaction, as the reaction time pass, the flower-like structure gets lost, 
which can be because the nanosheets experiment an Ostwald ripening, 
forming a solid structure at the reaction time of 3 h. 

Textural properties of nanomaterials are a measure of available 
space or total volume that would be occupied by Ions or molecules in 
reactions and mass transfer processes, in the specific case of batteries, 
this space could be occupied by Li ions. Nitrogen adsorption/desorption 
isotherms of mesoporous flower like δ-MnO2 samples synthesized at 2 
and 3 h are provided in Fig. 3, which are typical IV type pattern with H3 

Fig. 3. N2 adsorption-desorption isotherms and pore size distribution (inset image) of flower like δ-MnO2 synthesized at 2 and 3 h.  

Table 1 
Specific surface area, and pore size of flower like δ-MnO2 synthesized at 2 and 3 
h.  

Sample Surface area 
(m2 g− 1) 

Half pore width 
(nm) 

δ-MnO2,2h  43.601 18 
δ-MnO2,3h  38.547 18  

Fig. 4. Cyclic voltammograms of Li+ battery cathodes based on flower like 
δ-MnO2 synthesized at 2 h and 3 h. 
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hysteretic loops in the range of 0.5–0.95P/P0, indicating the existence of 
complex pore structures with networking significant effects, where 
adsorption metastability and desorption branch delayed by phenomena 
as pore blocking and cavitation associated with pore evaporation in 
networked structures (ink-bottle pores). A complete pore size distribu
tion can only be obtained using a statistical mechanics-based approach 
which correctly accounts for delayed condensation on the adsorption 
branch [26]. N2 at 77 K on carbon (slit pore NLDFT equilibrium model) 
DFT method was used to determine the pore size distribution and surface 
area, its observed that the average pore size distribution is in the range 
of 2–17 nm, following both materials a similar distribution. As expected, 
our flower-like structure (δ-MnO2,2h) showed a larger surface area than 
the compact structure (δ-MnO2,3h) The results are summarized in 
Table 1. 

3.2. Electrochemical characterization 

Cyclic voltammetry (CV) was employed to determine the oxidation/ 
reduction peaks of Mn4+→Mn3+, by the insertion/extraction of Li+. 
Fig. 4 shows the 4th cycle for flower like δ-MnO2,2h and δ-MnO2,3h 
cathodes, where it can be seen that for δ-MnO2,2h the oxidation peak is 
presented at 3.10 V while for δ-MnO2,3h this peak is visible at 3.77 V. In 
both materials, the reduction is peak is observed at 2.68 V. The chemical 
reactions involved in the charge and discharge processes of MnO2 when 
used as cathode in a LIB are described in equation (2) [27,28]. 

xLi+ +MnO2

Charge
→
←

Discharge

Lix(Mn)x
3+
(Mn)1− x

4+O2 (4) 

A maximum of one Li+ ion could be allocated per unit of MnO2, 
which makes a theoretical capacity of 308 mAh g− 1. 

Reversible reactions are expected in CV, because they indicate that 
the cathode can receive the Li+ and can also give it back to the anode 
electrode. It is also noticeable that δ-MnO2,2h had a more reversible 
lithiation/de-lithiation that δ-MnO2,3h due to the smallest ΔV. Based on 
CV results, we expect both of our materials to respond well to the 
charge–discharge tests. It is important to consider that the faradaic 
events occur at the voltammetric peaks. The base-current is capacitive- 
like (displacement current). Calculating the areas under the peaks, we 
can see that they are larger for the sample of 3 h. However, the area of 
the displacement current is larger for the sample of 2 h. This perfectly 
explains why at slow charge/discharge rates the capacity is larger for 
δ-MnO2,3h, while at high rates it is larger for δ-MnO2,2h. 

It was performed 6 cycles of charge-discharge tests for δ-MnO2,2h 
cathodes, showing the obtained results in Fig. 5. At 20 mAg− 1, a rapid 
capacity loss of 22% was observed. However, as the cycles passed, the 
capacity loss decreased at 5% at 50 mAg− 1, and at 250, 500, 1000 and 
2000 mAg− 1 it remains unchanged. This means that our flower-like 
structure it is not stable at slow rates but at higher rates, even at 2000 
mAg− 1, it provides a stable cycling. Charge-discharge profiles of 

Fig. 5. Charge-discharge performance of flower like δ-MnO2,2h at a) 20, b) 50, c) 250, d) 500, e) 1000 and f) 2000 mAg− 1.  
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δ-MnO2,3h for 6 cycles at different rates are shown in Fig. 6. δ-MnO2,3h 
showed a discharge capacity loss of around 5% for the slowest rates (20 
and 50 mAg− 1). From 250 to 1000 mAg− 1, the capacity seems unchanged 
and, finally, for 2000 mAg− 1, the initial capacity decays almost 10%. The 
capacity loss through cycling has been previously observed and can be 
associated to the partial irreversibility of the lithiation in the first cycle 
[29–31]. Also, δ-MnO2,3h showed two-staged voltage plateaus when 
studied between 250 mAg− 1 and 2000 mAg− 1, which could be caused by 
a slight polarization due to the increased charge-discharge rates [32]. The 
latest behavior is not presented in δ-MnO2,2h sample, which has shown a 
better performance and stability at high charge-discharge rates. In both 
materials, it was possible to observe a gradual decrease in capacity as the 
discharge rate increased, which indicates a kinetic process controlled by 
the diffusion of Li+ [33]. It is also noticeable that different charge- 
discharge capacities values were obtained at the beginning of tests, 
which can be because after the first cycles a nanoporous structure is 
formed in the cathodes, which facilitates the penetration of the electrolyte 
into the nanopores of the electrode [34], allowing a better flow of elec
trons and lithium ions in subsequent cycles, obtaining very similar values 
for charging and discharging [35]. At low charge/discharge rates, the 
charge storage mechanism is basically intercalation. It is the most com
mon mechanism in layered metal oxides. However, at high charge/ 
discharge rates the Li ions may intercalate not so deep into the material, 
being the intercalation depth closer to the surface when the rates are 
faster. In this way, as the material MnO2,2h presents larger surface areas, 
it presents higher capacities at high rates. 

It is important to mention that although the electrochemical per
formance of our materials is not as good compared to previously 

reported materials at low charge/ discharge rates, one of them has a 
better performance at fast charge/discharge regimes. It should be noted 
that the reported materials used conductive additives to improve their 
performance (e.g. adding graphene). The idea of our report is to present 
a material that without the use of any special additive such as graphene, 
one can accomplish high rates. 

From Fig. 7, it can be observed that δ-MnO2,3h had a better capacity 
discharge that δ-MnO2,2h for 20 and 50 mAg− 1, the slowest rates 
studied. However, in the rest of the rates δ-MnO2,2h had superior per
formance, which from the best of our knowledge there are no bare MnO2 

Fig. 6. Charge-discharge performance of flower like δ-MnO2,3h at a) 20, b) 50, c) 250, d) 500, e) 1000 and f) 2000 mAg− 1.  

Fig. 7. Rate capability performance of Li+ battery cathodes based on 
δ-MnO2,2h and δ-MnO2,3h. 
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cathodes published that can improve the obtained values for δ-MnO2,2h 
at 2000 mAg− 1. From this, we can say that for a really slow process (20 
mAg− 1), a material with homogeneous nano-sized morphology is 
enough in order to obtain good capacities. However, for the rest of rates, 
especially high rates, the flower-like structure of δ-MnO2,2h seems to 
provide a better contact area between electrode and electrolyte. Besides, 
this material had a larger specific area, facilitating the Li+ transport, 
therefore, showing good discharge capacities. 

There are four frequency regions in the impedance of the half battery 
cells prepared with the two materials of this work, agreeing with other 
works of cathodes and anodes of Li-ion batteries [36,37]: region A, 
corresponding to battery Ohmic losses; high-frequency region B related 
to the transport in the electrolyte; medium frequency region C, of in
terfaces caused by decomposition products (called solid electrolyte 
interface – SEI–, more common for anodes) resistance; and low- 
frequency region D, caused by charge transfer to the active material, 
and by diffusion inside this material (represented by a Warburg element 
Zw). The equivalent circuit used to model the impedance of the batteries 
is shown in Fig. 8. Every frequency region is modeled by an R/C circuit. 
R1 is related to region A, R2/C2 to region B, R3/C3 to region C, and C4/ 

(R4 + C4) to region D. In particular C4 is the capacitive effect caused by 
charge transfer, and C5 models the diffusion to the active material. 

Fig. 9a) shows the impedance spectrum of a battery with the material 
prepared in 2 h, while Fig. 9b) shows the impedance spectrum of the 
sample prepared in 3 h, after being cycled for 48 cycles with different 
charge/discharge energy density values, from 20 to 2000 mAg− 1. A fit 
using the equivalent circuit of Fig. 8 was performed. As can be observed 
in the figures, the fitted curve agrees well with the measured data. At a 
first glance, it is possible to see that the total impedance for the sample of 
3 h is larger than 2 h. From the values of the fitted variables, it is possible 
to see, in particular, that R4 (the charge transfer resistance) is of 129 O 
for the sample δ-MnO2,2h, and it is of 404 O for the sample δ-MnO2,3h. 
Having a larger resistance may produce that the voltage limits during 
the charge/discharge cycles are reached faster, enabling just lower 
capacities. 

4. Conclusions 

The synthesis of δ-MnO2 at 2 and 3 h were carried out successfully, 
where MnO2,2h showed homogeneous flower like nanoparticles in a 
structured order and δ-MnO2,3h had semi-homogeneous more compact 
flower like nanoparticles in a structured order. These materials were 
used as a cathode in a Li-ion battery at different charge–discharge rates, 
discovering that at slow rates, a material with homogeneous nanosized 
morphology is enough in order to obtain good capacities, but at high 
rates, a flower-like nanostructure provides better results, with data of 24 
mAhg− 1 at 2000 mAg− 1. 
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