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ABSTRACT 

For more than a century, manganese dioxides (MDOs) have been used as electrochemically 

active materials in energy storage and conversion applications. To reduce the cost and 

hazardous impact of synthesis, a redox method was used to prepare MnO2 using extracts of 

green (GT-MnO2) and black (BT-MnO2) tea as biological reducing agents. Polyphenols 

present in the extracts of tea not only reduce Mn7+ ions but also act as “capping agents” to 

stabilize and prevent the produced MnO2 nanoparticles from degradation and aggregation. 

Elemental, structural properties and morphology of nanosized α-KxMnO2 were studied by 

thermogravimetric analysis, X-ray powder diffraction and Raman spectroscopy, which 

revealed the different crystallinity between GT-MnO2 and BT-MnO2 due to the strength of the 

antioxidant species. Electrochemical investigations highlight the beneficial presence of K+ ions 

in (2×2) tunnels; with a higher concentration, α-K0.135MnO2 exhibits a discharge specific 

capacity of 155 mAh g-1 after 20 cycles at C/26 rate. 
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1. Introduction 

Great interests have been directed towards developing new energy storage and conversion 

systems to overcome the expected lack of fossil fuels and to alleviate the environmental 

problems [1, 2]. The rechargeable lithium-ion battery is one of the most important and 

effective batteries for supplying energy [3,4]. Therefore, great efforts have been made to 

develop new electrode materials for the next generation of lithium-ion batteries having high 

energy and power density and excellent cycling performance to satisfy market demands 

[3,5,6]. 

Low cost, high theoretical capacity, environmental friendliness, and natural abundance 

are the main advantages of manganese dioxides, MnO2 (MDOs), which make them promising 

electrode materials for lithium-ion batteries and supercapacitors [7,8]. However, the practical 

application of MnO2 as electrode material for lithium-ion batteries is actually limited by the 

poor conductivity, large volume expansion and aggregation during Li insertion/extraction, 

which limits its rechargeability. Brousse et al. [9] reported electronic and ionic conductivities 

of 0.009 and 0.01 S cm−1, respectively, for cryptomelane compared to ~6×10-6 and 0.015 S 

cm−1, respectively, for birnessite. That is why composite materials of MnO2 have been 

fabricated with various conducting materials (see [10] for a review). In particular,  

MnO2@TiO2 composite used as an anode recently delivered a capacity of 802 mAh g-1 at the 

current rate of 200 mA g-1 after 200 cycles, and still retained 400 mA h g-1 at a higher current 

rate of 1 A g-1 [11]. Three-dimensional ZnFe2O4@MnO2 hierarchical core/shell nanosheet 

arrays as battery-type electrode exhibit high capacity of 1084 C g-1 at current density of 2 A g-1 

with coulombic efficiency of 96.1% after 5000 cycles [12]. Recent MnO2-based composites 

including MnO2/carbon, MnO2/graphene, MnO2 nanowires@Ni1-xCoxOy heterostructures, 

CoMoO4@C@MnO2 core-shell structures and MnO2/carbonized cotton textile hybrids have 

been developed as electrodes in supercapacitors [13-17].  

Different MDO polymorphs such as α-, β-, γ- and δ-MnO2 phases with various 

morphologies including nanorods, nanowires, nanosheets and nanobelts have been investigated 

to get better electrochemical performance [18–20]. To control the crystallite size, degree of 

crystallinity, the morphology, and specific surface area, the preparation method should be 

chosen carefully. A recent example is provided by the synthesis of nanosheet-based MnO2 

mailto:MnO2@TiO2
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hollow capsules, which delivered a capacity of 1182.9 mAh g-1 for the initial cycle and 198.4 

mAh g-1 after 500 cycles [21]. Numerous methods to synthesize MnO2 include sol-gel [22], 

hydrothermal methods [23-25], refluxing method [26] and wet-chemical methods [27-31]. For 

most of them, strong mixing, long time and high temperature are required, resulting in the 

waste of a lot of energy [32,33]. It is then desirable to develop facile, cheap, environmentally 

benign, and size control routes to prepare MnO2 nanoparticles [34]. In particular, biogenic 

approaches for the preparation of nanomaterials can be a good alternative to achieve the 

advantages mentioned above [35]. Non-hazardous chemicals, biodegradable polymers, 

available fruits, vegetables, herbs containing high concentration of polyphenols can act as 

antioxidants or reducing agents and can also provide a protective coating. Saving energy owing 

to the availability and facile synthesis at room temperature and ambient atmosphere is the main 

advantage of using environmentally benign plant extracts as an antioxidant for the synthesis of 

nanoparticles [36,37]. 

In a recent review on nanostructured MnO2 as electrode material for energy storage, we 

pointed out that the problems of the Zn/MnO2 battery (limited cycling life and power) have 

now been entirely solved. The alkaline Zn/MnO2 batteries now outperform the Li-ion batteries 

not only by the lower price, but also by their performance, both in energy and in power density 

[10]. In particular, Liu et al. reported such a battery, the capacity of which was 285 mAh·g−1 

(MnO2), with capacity retention of 92% over 5000 cycles [38]. MnO2 is thus a promising 

candidate to be the electrode of next generation of commercial rechargeable batteries. The next 

problem is thus to optimize the synthesis of this material in terms of cost and environmental 

friendliness. The present work addresses this problem by employing a facile, eco-friendly and 

cost-effective method using green and black teas to prepare α-MnO2. 

Black and green teas exhibiting different structures contain number of flavonoids (one of 

constituents of polyphenols) that can be used as species to prepare MnO2 from the redox 

reaction of KMnO4. They have excellent antioxidant properties due to the high phenolic 

content [39]. Green tea leaves are not fermented and hence, do not go through the oxidation 

process that black tea undergoes, making it extremely rich in simple flavonoids called 

epigallactocatechin gallate (the EGCG), a popular antioxidant. The oxidation process used to 

obtain black tea converts catechins to more complex varieties called theaflavins and 

thearubigins. Hence, green tea is ahead of black tea in its antioxidant quality and quantity. Fig. 
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1 summarizes the chemical structures of the major flavonoids found in both green and black 

tea. The oxidation process modifies only the type of flavonoids present without changing the 

level and antioxidant activity of these flavonoids [40-43]. 

The goal of this paper is to synthesize MnO2 nanoparticles by a simple redox synthesis 

method using extracts of green and black tea as reducing agents for their use as high-

performing electrode materials in energy storage systems. We pay a special attention to 

characterize the crystal chemistry of α-type MnO2 prepared from redox reaction of potassium 

permanganate, which always contains a residual fraction of K+ ions in the 2×2 tunnels 

preserving the structural stability of this material. Note that most of numerous works published 

in the literature neglect this aspect; only few papers consider the presence of potassium in the 

cryptomelane framework [44-51]. Two samples were prepared using a redox synthesis 

procedure assisted by biologic anti-oxidant reagents that are extracts of tea. Structural and 

morphological properties of MDOs are investigated by X-ray diffraction (XRD), thermal 

gravimetric analysis (TGA), specific surface area, pore volume and mean pore size, Raman 

scattering (RS) spectroscopy, scanning electron microscopy (SEM), and transmission 

electronic microscopy (TEM). Further electrochemical tests are also performed by cyclic 

voltammetry (CV), galvanostatic experiments and electrochemical impedance spectroscopy 

(EIS). Our results reveal that nanostructured α-MnO2 particles exhibit both improved specific 

capacity and high rate capability Note only intrinsic properties of α-MnO2 are considered here, 

so that the results are not comparable with the electrochemical properties of the composites 

above mentioned, since the other elements of the composites are introduced just because they 

improve the performance. 

 

2. Experimental 

 

2.1. Sample preparation 

Two samples of MnO2 were prepared using a green synthesis method via redox reaction 

between KMnO4 and extracts of green tea (GT-MnO2) and black tea (BT-MnO2). A 

commercial green tea bag of 1.8 g was boiled in 100 mL distilled water for 5 min to extract the 

green tea solution. The cooled prepared extract was added drop by drop to 3 g KMnO4 

acidified with 2 mL of 2.5 mol L-1 H2SO4 in 100 mL of distilled water. After stirring 
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vigorously for 1 h at room temperature, the color of the solution changed from purple to black 

due to the complete reduction of KMnO4 by the extract of green tea. The black precipitate was 

isolated by filtration and washed several times with distilled water to remove most of the 

expected K+ from the precipitate. The collected precipitate was dried overnight at 90 °C, then 

calcined at 300 °C for 5 h in ambient atmosphere. The same procedure was used to prepare 

BT-MnO2 sample using the extracts of boiled two bags (2 g) of black tea added to 3 g of 

KMnO4.  

 

2.2. Structural and electrochemical characterization 

Thermal gravimetric (TG) measurements were carried out using an analyzer (Perkin Elmer, 

TGA 7 series) in the temperature range of 50–1000 °C in air at a heating rate of 10 °C min-1. 

The crystal structure was investigated by X-ray powder diffraction using a STOE STADI-P 

with Mo-Kα1 radiation (λ=0.70932 Å), curved Ge111 monochromator and Si-strip detector 

from Dectris. Samples were placed in 0.5-mm glass capillaries. Specific surface area, pore 

volume and mean pore size of the samples were obtained by performing N2 physisorption 

experiments at 77 K on Micromeritics ASAP (Tristar 2020, USA) analyzer using Brunauer–

Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) multipoint methods. The micropore 

volume (𝑉pore) was calculated from the amount of N2 adsorbed at a relative pressure (𝑃𝑟 = 

𝑃/𝑃0) of 0.1 and 0.95, respectively. Raman scattering (RS) spectra were collected on a LabRam 

Evolution HR (HORIBA) spectrometer equipped with a Nd:YAG laser (523 nm, 1 mW). The 

final spectrum consists of two independent acquisitions with a total acquisition time of 720 

seconds. The morphology and size of particles were investigated by scanning electron 

microscopy (SEM) (model Quanta FEG 250) and transmission electron microscopy (TEM) 

(model JEM-2100, JEOL, Japan). Swagelok type cells were used to characterize the materials 

electrochemically. For this purpose, the active material was mixed with carbon back (Super P, 

Timcal) in the ratio 8:2. The cathode loading was 4.2 mg cm2 (geometric surface area 1.8 cm2). 

Two layers of Whatman GF/B separators and 1 mol L-1 LiPF6 in an ethylene carbonate and 

dimethyl carbonate solution (1:1) mixture were used for the cell assembly. Lithium metal was 

used as counter electrode. The material was characterized galvanostatically using the LICCY 

cycling station (Lithium Cell Cycler Liccy, KIT). VMP3 potentiostat (Biologic Science 

Instruments, France) was used to record the cyclic voltammograms (CV). Electrochemical 
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impedance spectroscopy (EIS) was carried using a phase sensitive multimeter (model PSM 

1700, UK) in the frequency range 0.01 Hz–100 kHz using a voltage bias of 5 mV. 

 

3. Results and discussion  

 

3.1. Elemental and structural studies 

The cryptomelane (α-MnO2) phase commonly prepared via redox reaction of KMnO4 or 

K2Mn2O8 contains potassium as an essential constituent filling the 2×2 tunnels. Potassium ions 

are incorporated during the synthesis because of the excess of K+ ions in the solution. α-MnO2 

crystallizes in the body-centered tetragonal structure with I4/m space group; the unit cell 

contains 16 oxygen sites, 8 sixfold coordinated VIMn sites, and 2 eightfold coordinated tunnel 

sites (VIIIK). Consequently, the formula of the α-phase is KxMn8O16, in which the concentration 

of K+ ions is variable, but K never occupies more than 50% on any of the sites in the lattice 

[38]. This concentration can be determined from thermogravimetry (TG) by analyzing the 

weight loss of chemisorbed water in the tunnels and the decomposition temperature from 

MnO2 to Mn2O3 (Fig. 2). Poyraz et al. [46] reported that the KxMn8O16 samples with low K+ 

content, K0.32Mn8O16, have a lower decomposition temperature of 510 °C compared to T=580 

°C for the samples with high K+ content (K0.75Mn8O16). Fig. 2a shows the differential (DTG) 

weight loss for GT-MnO2 and BT-MnO2 synthesized by redox reaction between KMnO4 and 

extracts of green tea and black tea, respectively. The decomposition of α-KxMnO2 to Mn2O3 

operates via an exothermic reaction that takes place at temperatures 500<T<650 °C. Distinct 

weight losses caused by the reduction of tetravalent Mn4+ ions to trivalent Mn3+ ions 

correspond to oxygen evolution 2MnO2→Mn2O3+½O2 that is completed at T~650 °C [49]. 

Using previous DTG analyses, an almost linear relationship (R=0.984) between the 

temperature of the MnO2 to Mn2O3 phase transition and the concentration of K+ ions in the 2×2 

tunnels (Fig. 2b) was established. Data summarized in Table 1 show that the BT-MnO2 has a 

lower concentration of K+ ions (only about half the value) than GT-MnO2.Fig. 3 shows the 

XRD patterns for GT-MnO2 and BT-MnO2 samples. All the reflections can be indexed with 

the α-MnO2 structure (JCPDS 44-0141). The X-ray diagram of GT-MnO2 has the feature of 

nanostructured material with broadening of Bragg reflections (curve a), while curve (b) shows 

that BT-MnO2 is an amorphous or highly disordered material. Scherrer crystallite sizes of 
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8.0±0.2 nm for the GT-MnO2 sample and 4.4±0.2 nm for the BT-MnO2 sample were 

calculated from the half-width of the <211> reflection at 2θ=37.6° (with Scherrer parameter 

K=0.88). A Rietveld refinement for GT-MnO2 using the program package Fullprof [52] 

confirms nanosized needles along the c-axis. Refinement parameters are Rp=16.7; Rwp=18.6; 

Rexp=14.05; χ2=1.75 and Bragg R-factor=5.8. As suggested by Vicat et al. [45] the structure is 

described with an interstitial potassium site on Wyckoff position 4e (0,0,z) in addition to the 8h 

sites for Mn, O1, O2, with z~0.3. The occupancy of this site is approximately 0.068/0.25 = 

27%; the other sites are fully occupied and the z-coordinate converges at 0.35. This leads to a 

potassium content of 0.135 per formula unit, consistent with the value of 0.11(2) from the TG 

measurements. The formula of K0.135MnO2 leads to an average oxidation state +3.865 for Mn 

ions, in which the number of VIMn3+ is equal to the number of VIIIK+. Lattice parameters listed 

in Table 2 are in good agreement with reported values [53]. Besides the scale and background 

points, the refined parameters were isotropic atomic displacement parameter (ADP), lattice 

parameter, atomic positions and two parameters for anisotropic size broadening. Note that the 

ratio K:Mn = 0.135 is very close to the value for cryptomelane structure K0.125MnO2 

(KMn8O16) with half occupancy of the 4e tunnel sites. 

Note that very fast preparation of the GT-MnO2 sample, did not allow a complete removal 

of K+ ions, despite several washings with distilled water. Consequently, a higher number of 

alkali ions was trapped in comparison with BT-MnO2, which was formed slowly. The synthesis 

process is affected by the strength of the reducing agent, which governs the ionic extraction 

from the 2×2 cavities and controls the diffusion of K+ ions. As an experimental result, the 

redox reaction assisted by black tea is not as fast as with green tea, because of the difference in 

the flavonoid structure and the strength of the antioxidant species.  

Fig. 4 presents the SEM and TEM images of GT-MnO2 and BT-MnO2. Submicron-sized 

particles with average size ~400 nm have almost identical shape and distribution for both 

samples. These secondary particles are composed of interconnected nanoneedles with diameter 

of 5 nm and length of ~100 nm as shown in the TEM pictures. Note that the shape and size of 

both the agglomerates and the nanoneedles of GT- and BT-MnO2 are similar. 

The pore characteristics, i.e. BET surface area, pore volume and mean pore size, are shown 

in Table 3. The value SBET of 49.8 m2 g-1 for GT-MnO2 can be compared with 9.37 m2 g-1 for 
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𝛼-MnO2 synthesized via hydrothermal treatment of a precursor 𝛾-MnO2 [54] and SBET=41 m2 

g-1 for 𝛾-MnO2 synthesized by Pechini technique [55]. 

Raman scattering (RS) spectra of GT-MnO2 and BT-MnO2 nanoneedles are displayed in 

Fig. 5. As Raman spectroscopy is a powerful tool for the analysis of the structure at the 

molecular scale, this technique was used to study the crystallinity of the manganese dioxide 

depending on the synthesis procedure, i.e. the nature of the reducing agents. The RS spectrum 

of GT-MnO2 exhibits well-resolved bands at 181, 380, 510, 577, 630 and 754 cm-1, while the 

Raman bands of BT-MnO2 are broadened and poorly resolved, which is the fingerprint of a 

highly disordered material. Note that the Raman features of our polycrystalline samples do not 

allow the observation of all active modes (6Ag+6Bg+3Eg) predicted by the group factor analysis 

of the body-centered tetragonal structure [56]. The two high-frequency bands at 577 and 630 

cm-1 (Ag modes), which originate from breathing Mn-O vibrations perpendicular to the 

direction of double chains of edge-shared [MnO6] octahedra, are the typical fingerprints of the 

tetragonal 2×2 tunnel structure. The low-frequency Raman band at 181 cm-1 assigned to an 

external vibration comes from translational motion of the [MnO6], while the band at 380 cm-1 

is attributed to the O-Mn-O bending vibrations. The shoulder at 754 cm-1 is related to the 

antisymmetric Mn-O stretching vibrations. These outlined Raman features are in good 

agreement with results reported in the literature for α-MnO2 [57,58]. Note that the degree of 

crystallinity of synthesized MnO2 samples has a strong impact on the intensity of the ν577 and 

ν630 bands. In summary, Raman data match well with results from XRD showing that GT-

MnO2 has a better crystallinity than BT-MnO2. 

 

3.2. Electrochemical behavior 

Electrochemical properties and discharge performance of MnO2 nanoparticles synthesized by 

the green synthesis assisted by extracts of tea were investigated by cyclic voltammetry, 

galvanostatic charge-discharge experiments, and cycling tests at different current densities 

from 10 to 400 mA g-1 (1C=260 mA g-1). Fig. 6 shows the first 20 cyclic voltammograms 

carried out at scan rate of 0.1 mV s-1 in the potential range 1.5-3.5 V vs. Li+/Li0. The first 

discharge-charge process is unique with features dominated by the broad cathodic peaks Vc,1 at 

2.45 and 2.40 V for GT-MnO2 and BT-MnO2 electrodes, respectively, and the corresponding 

oxidation peaks observed at 3.10 and 2.40 V. The broadness is attributed to the poor 
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crystallinity rather than the morphology of nanoneedles. Such behavior has been reported 

several times [48,59-61]. It was conjectured that local activation can take place in the material 

during the initial lithium insertion. Dai et al. [59] believed that the change of the initial charge-

discharge curves is due to ion-exchanged reaction. Zhang et al. [61] studied the chemical states 

of the species in KxMnO2 using X-ray photoelectron spectroscopy (XPS) and concluded that 

potassium is extracted from the host lattice, which described the CV profile evolution during 

the first cycle. The electrochemical reactions of the second cycle show different profiles with 

two pronounced sets of redox peaks. Values of the redox potentials are listed in Table 4. Note 

that the difference between Vred and Voxid is ΔV=~0.15 V irrespective of the degree of structural 

order. The subsequent cycles have almost the same profile, so that the lithium 

insertion/extraction process occurs most probably with the same mechanism. In the 

forthcoming cycles these CV data show a good rechargeability for both samples, so that a good 

structural stabilization is obtained after the second cycle. The initial broad cathodic peak seems 

to be dependent on the K+ content in α-KxMnO2; the higher the K+ content the higher the 

cathodic potential [49,59-61]. This is consistent with the assumption that Li+ motion requires a 

stable tunnel framework, which is ensured by the presence of larger cations such as K+. It is 

well known that Li+ ions are located on off-center 8h and 8h’ Wyckoff positions (near the 

walls of the 2×2 tunnels) and the presence of K+ ions on the centered 4e sites affects the 

electrochemical features and the overall discharge capacity [45].  

Fig. 7 illustrates the available sites of the cryptomelane structure occupied by Li+ and K+ 

cations. The initial electrochemical modification is attributable to the lithium-cell formation, 

plus the structural evolution that results from the so-called “loss of lithium inventory” [62]. 

This loss is due to the trapping of a small amount of Li+ ions inserted during the first discharge 

and remaining in the tunnel structure, which results in stabilization of the tetragonal phase. 

This behavior is consistent with the two pseudo-plateaus observed in the discharge profiles 

(see Fig. 8). Similar results have been observed previously [63,64]. Johnson et al. [63] reported 

the immediate appearance of two sets of redox peaks in -MnO2 prepared by the reaction 

between Mn2O3 and H2SO4. The evolution of the cyclic voltammogram was observed in the 

case of a silicon anode for which the authors claim a local activation taking place during the 

initial lithiation for very small nanocrystallites, i.e. L<10 nm [64]. In the present study, the 

morphology of nanoneedles of 5 nm diameter favors the insertion of Li+ ions on the two 
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different 8h and 8h’ Wyckoff sites of the LixK0.135MnO2 structure; the first set of redox peaks 

correspond to the lithiation of 8h position at low Li concentration, while the second set is due 

to the 8h’ site occupation for high Li content that requires different energies of formation [65]. 

To the contrary, Zhang et al. [61] reported a strong cathodic peak at ~2.2 V during the first 

cycle, which shifted toward higher potential for the second and further cycles, showing that 

lithium insertion-extraction in/from cryptomelane-type K0.25Mn2O4 occurred as a single set of 

redox reaction at 2.5/3.0 V because the sample in their work consisted of microspheres 

composed of nanofibers in the range of 10-20 nm diameter. 

Fig. 8 shows the discharge-charge profiles of MnO2//Li cells recorded at constant current 

density 10 mA g-1 (C/26) in the potential range 1.5–3.5 V vs. Li+/Li0 including GT-MnO2 and 

BT-MnO2 as positive electrode materials. In the entire discharge range, the discharge cell 

potential decreases slowly and evidences the presence of two pseudo-plateaus; each of them 

appears as an “S-shaped” curve, which indicates a topotactic reaction for the lithium insertion 

in both electrodes. However, the voltage decay is more pronounced in BT-MnO2, which is 

characteristic of a disordered electrode material [1]. These features are thus consistent with the 

structural analysis.  

The net effect of the presence of K+ ions in 2×2 tunnels (located on 4e Wyckoff positions) 

is observed in the discharge curves. The initial specific capacity of highly disordered BT-

MnO2 is ~236 mAh g-1, while the well crystallized GT-MnO2 delivers ~198 mAh g-1. The 

lower initial capacity is attributed to the presence of the higher concentration of 

electrochemically inactive K+ ions trapped on 4e sites inside the large tunnel (4.6 Å). In GT-

MnO2, more than half of the 4e sites are occupied by potassium, against only one quarter in 

BT-MnO2. This inactive cation may hinder the Li insertion into the tunnel and impede the 

diffusion during the discharge process [25]. The structural stabilization of K+ cation is clearly 

evidenced in the GT-MnO2 structure, for which the capacity fading is lower than for BT-MnO2 

(Fig. 9). Note that a similar capacity loss for Li//-MnO2 cells was reported in several works 

[28, 66-68]. The Faraday yield of 0.7 F/mole for GT-MnO2 is consistent with the mean 

oxidation state +3.865 for Mn ions determined form the Rietveld refinement. Except for the 

two first cycles, the coulombic efficiency on the third and subsequent cycles for GT-MnO2 

shows good rechargeability with efficiency close to 99% even at constant current density of 

200 mA g-1 (≈0.75C). 
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The cycling performance, i.e. discharge capacity and coulombic efficiency over 54 cycles, 

of cells with KxMnO2 as cathodes is shown in Fig. 9. The GT-MnO2 sample shows the best 

results for capacity retention. The relevant coulombic efficiency of the K0.135MnO2 electrode 

remains around 100% after several cycles, indicating the good reversibility. At C/26 rate, the 

specific discharge capacity of GT-KxMnO2 decreases slowly from 161 mAh g-1 (3rd cycle) to 

141 mAh g-1 (54th cycle). The capacity loss rate is 0.25% and 0.58% per cycle for GT-KxMnO2 

and BT-KxMnO2, respectively. Both samples suffer from an irreversible capacity in the first 

cycle, but it is a limited loss of ~30 mAh g-1 for GT-MnO2 so that GT-MnO2 retains 73% from 

its initial capacity at the 20th cycle, whereas BT-MnO2 retains only 62%. The first cycle 

irreversible capacity (1st IC) is an intrinsic weakness of MDOs. Several examples are obtained 

in the literature. The 1st IC of 85 mAh g-1 was reported for birnessite MnO2 nanobelts [66], 

Huang et al. [67] indicated a 1st IC of 75 mAh g-1 for macroporous β-MnO2 and Cheng et al. 

[66] reported a 1st IC larger than 40 mAh g-1 for α-MnO2 nanowires. Covering α-MnO2 

nanorods by a thin layer of carbon improves the long-term capacity retention, but does not 

inhibit the initial capacity loss that confirms the trapping of a fraction of lithium ions into the 

internal cavities during the cell formation [27]. Yang et al. [69] showed that hydrothermally 

synthesized -MnO2 composed of nanorods ~20 nm diameter delivers specific capacity of 189 

mAh g-1 at a discharge current 50 mA g-1. 

Rate performance was tested for both samples at various current densities in the range 

10-400 mA g-1 (1C=260 mA g-1). Figs. 10a and 10b show the rate capabilities and the modified 

Peukert plot, respectively. As for many electrodes, the decay of the discharge capacity follows 

a semi-logarithmic law with increase of the current passed through the cell. After the tests at 

higher C-rates up to 1.5C, the capacity delivered at the initial current density of 10 mA g-1 was 

recovered, which gives evidence of the electrochemical reversibility and structural stability of 

the samples. A reversible capacity of 32 mAh g-1 was delivered for the Li//GT-MnO2 cell 

cycled at 1.5C, while that of the Li//BT-MnO2 vanished due to the sluggish kinetics of Li+ ions 

associated with the structure.  

Fig. 11 shows the electrochemical impedance spectra (EIS) of MnO2 electrodes over the 

frequency range 0.01 Hz-100 kHz as a function of the cell potential: 3.0 V and 1.8 V vs. 

Li+/Li0 corresponding to the lithium insertion x≈0.05 and ≈0.6 in LixMnO2, respectively. All 

EIS features are composed in the high-frequency region of a semi-circle that reveals the 
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electrolyte resistance Rs and the charge transfer resistance Rct and inclined lines in the low-

frequency range attributed to the Warburg impedance w and the electrode capacitance. The 

Warburg regime observed at low frequencies gives evidence that the insertion mechanism of 

Li+ ions into the MnO2 electrode is strongly controlled by a diffusion process. In this regime, 

the impedance varies with the angular frequency ω according to the law [70]: 

 

Z’ = Rs + Rct + σw ω 
-1/2,       (1) 

 

The Warburg impedance σw is obtained from the slope of Z’ vs. ω-1/2 in the low-frequency 

range (Fig. 11). Typical values of σw are listed in Table 5. EIS can be used to evaluate the 

apparent Li-ion diffusion coefficient DLi+ from the low-frequency Warburg impedance 

according the relation [71]: 

 
2

22

1
















WLi
Li

ACF

RT
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where R, T and F are the usual constants, A the surface area of the electrode-electrolyte 

interface, CLi is the lithium-ion concentration in the electrode. Note that estimation of A is 

rather difficult. Instead of the apparent geometric surface area of the electrode (1.8 cm2), we 

have used the SBET values that take into account the porosity of the electrodes. Randles 

parameters and diffusion coefficient DLi+ are reported in Table 5.  

 

3.3. Discussion 

The cryptomelane -MnO2 tunnel-based structure include well-aligned 2×2 (4.6×4.6 Å2) 

tunnels occupied with large K+ cations and empty 1×1 (1.9×1.9 Å2) tunnels intergrowth along 

the c axis. α-MnO2 is believed to show topotactic reduction of Mn (Li+ solid solution) during 

lithiation [48]. The role of large cations (K+) occupying the central 2a site of 2×2 tunnels is 

considered as follows. The presence of large tunnel counter cations in the MnO2 lattice is a 

necessary condition for the growth of the hollandite-type MnO2 (HMDO) structure and 

prevents the formation of other MnO2 polymorphs [53]. Generally, the presence of K+ ions in 

the (2×2) tunnels of the hollandite lattice has an impeding effect for the chemical diffusion of 



 
14 

 

the Li+ ions. This is due to the much bigger ionic radius of K+ (ri=1.33 Å) than Li+ (ri=0.69 Å), 

which prevents the facile lithium motion in the MnO2 framework [72]. The stabilizing K+ ions 

only partially occupy the space inside structural tunnels of cryptomelane KxMn8O16, leaving 

enough volume for Li+ ion insertion, leading to superior discharge rate performance compared 

to the ones of pristine -MnO2 material. Byles et al. [73] evaluated the electronic and ionic 

conductivities of tunnel structured MnO2 and shown the stabilization of K+ and Mg2+ cations in 

cryptomelane and todorokite frameworks. Our EIS data show that the charge transfer 

resistance is a function of the K+ content: Rct=83.2  for K0.135MnO2 increases to 105.8  for 

K0.06MnO2. The role of tunnel cation on electrochemical performance of cryptomelane type 

MnO2 (KxMn8O16) cathode materials with tunable K+ content has been investigated by 

Poyraz et al. [46]. The electrochemistry of the KxMn8O16 electrode with varying K/Mn ratios 

(0.000 to 0.094) was evaluated. For x=0.32, the -MnO2 electrode showed higher voltage, 

higher specific energies, and improved capacity retention compared to the material with 

x=0.75. Another effect of the interstitial K+ cation incorporation in the -MnO2 lattice is the 

formation of newly occupied electronic states that appear inside the original MnO2 bandgap, 

indicating mixed Mn4+ and Mn3+ in KxMnO2 [74]. This indicates that the presence of K+ inside 

the 2×2 tunnels can enhance the electronic conductivity of α-MnO2 through electron hopping 

between heterovalent Mn pairs (Mn4+/Mn3+). It was found from EIS data that the presence of 

K+ inside the 2×2 tunnels of α-MnO2 nanoneedles improves both their electronic conductivity 

and Li+ diffusivity. These enhancements facilitate favorable electrode kinetics, and thus result 

in good rate performance of Li/α-MnO2 based batteries. 

Compared with other nanoscale-sized lithiated MnO2 cathodes reported previously, the 

present -MnO2 powders exhibit similar trends in kinetics [49,75-79]. The lithium diffusion 

coefficient 3.4×10-14 m2 s-1 at 20 °C in electrolytic Li1.0MnO2 (battery grade -phase) was early 

determined by galvanostatic technique [75]. Using cyclic voltammetry, Bach et al. [76] 

estimated a diffusion coefficient of Li+ ions of ≈10-10 cm2 s-1 in the hydrated a-phase 

K0.062MnO2. Current step method was used to measure the Li chemical diffusion coefficient of 

DLi=4×10-11 cm2 s-1 in Li0.4MnO2 [75]. DLi+ values were found to vary in the range from 

1×10-10 cm2 s-1 for the fully charge (delithiated) state to 2×10-11 cm2 s-1 for the fully discharged 

(lithiated) state [78,79]. Yuan et al. [49] show that after K+ removal the charge transfer 
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resistance (Rct) increases and the diffusion coefficient DLi+ decreases from 1.91×10-12 cm2 s-1 in 

K0.25MnO2 to 7.16×10-13 cm2 s-1 in K(0.25-x)MnO2. Our results are consistent with those of 

previous reports. We show that kinetics for Li+ ions is a function of the concentration of K+ 

cations into the tunnels; diffusion coefficient DLi in K0.06MnO2 is lower than that in 

K0.135MnO2, which is consistent with DLi=1.9×10-12 cm2 s-1 for K0.25MnO2 reported by Yuan et 

al. [49]. From electrochemical impedance spectroscopy (EIS), we have shown the effect of K+ 

on the ionic transport of lithium inserted into the α-KxMnO2 lattice and on the electronic 

conduction.  

 

4. Conclusions 

A green synthesis route involving the redox reaction between KMnO4 and antioxidant reagent 

was used to obtain nanosized α-MnO2. Cheap and benign biological reducing reagents were 

obtained from extracts of green tea and black tea. In both cases, the samples were obtained in 

the form of particles with ~400 nm in size, composed of interconnected needles with diameter 

of 5 nm and length of ~100 nm. Further characterization by thermal gravimetric analysis and 

Raman scattering emphasized different structural properties for the two samples, related to the 

different antioxidant reagents in the green and black tea. These samples synthesized by using 

biological reducing agents showed electrochemical performance comparable with that of 

samples prepared by conventional more expensive methods using chemical reducing agents. 

The sample synthesized using black tea showed better initial capacity (~231 mAh g-1) than the 

sample synthesized using green tea GT-MnO2 (~214 mAh g-1). However, GT-MnO2 shows 

better capacity retention (73% after 20 cycles at current density 10 mA g-1) than BT-MnO2 

(62% at the same cycle number). GT-MnO2 also showed improved rate capabilities compared 

to BT-MnO2. This cheaper and scalable redox synthesis process is thus a significant 

improvement with respect to the industrial processes currently used to fabricate the 

commercialized MnO2 batteries. The chemical diffusion coefficient of Li+ ions inserted in 

LixMnO2 frameworks was determined from EIS experiments as a function of the discharge 

state that show higher kinetics for Li+ transport in K0.06MnO2 compared with K0.135MnO2. 
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Fig. 1. The chemical structures of the major flavonoids found in both green and black tea [32]. 

R=Galloyl group. 

 

 

 

 

Fig. 2. (a) Plots of the derivative weight loss vs. temperature showing the decomposition of 

MnO2 to Mn2O3 at T>500 °C. (b) The concentration of K+ ions in the (2×2) tunnels of the 

α-KxMnO2 frameworks vs. the decomposition temperature. The linear relationship was 

established from experimental data by Hashem et al. [21] and Poyraz et al. [38]. 
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Fig. 3. Rietveld refinement of GT-MnO2 (a) and XRD diffraction pattern of BT-MnO2 

showing much poorer crystallinity. 

 

 



 
26 

 

 

 

Fig. 4. SEM images (a,b) and TEM images (c,d) of GT-MnO2 and BT-MnO2. 

 

 

 



 
27 

 

 

Fig. 5. Raman scattering spectra of GT-MnO2 and BT-MnO2 α-phase recorded using a 523 nm 

laser excitation. 
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Fig. 6. Cyclic voltammograms carried out at scan rate of 0.1 mV s-1 in the potential range 1.5-

3.5 V vs. Li+/Li0. 

 

 

Fig. 7. Crystal structure of α-MnO2 showing insertion sites at Wyckoff position 4e, 8h and 2b. 

The 8h (x,y,0) and 2b (0,0,½) sites are coplanar by adding the centering  (½,½,½) planes 

perpendicular to the c-axis, while the 4e site is located at a general position (0,0,z). Small (red) 

spheres are oxygen, large (green) spheres are Mn cations inside the MnO6 octahedra, and 

yellow spheres are potassium cations. 
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Fig. 8. Discharge-charge profiles of MnO2//Li cells including (a) BT-MnO2 and (b) 

GT-MnO2 as positive electrode materials recorded at current density 10 mA g-1 

(C/26) in the potential range 1.5–3.5 V vs. Li+/Li0. 

 

 

Fig. 9. Cycling performance cycled at constant current density 20 mA g-1 (≈C/10) 

in the potential range 1.5-3.5 V vs. Li+/Li0 and coulombic efficiency of GT-MnO2 

and BT-MnO2. 
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Fig. 10. (a) Rate capability at various current densities from 10 to 400 mA g-1 

(1C=260 mA g-1) and (b) Modified Peukert plots for GT-MnO2 and BT-MnO2 

electrodes. 

 

 

 

Fig. 11. EIS spectra of GT-MnO2 and BT-MnO2 electrodes as a function of the cell 

potential E=3.0 V (x≈0.05) and E=1.8 V (x≈0.6). 

 

 

Table 1. Potassium content filling the 2×2 tunnel of KxMnO2 estimated from TG analysis. 
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Sample 

Decomposition  

temperature (°C) 

 

K+ content 

GT-MnO2 

BT-MnO2 

593±2 

530±2 

0.11(2) 

0.06(2) 

 

 

Table 2. Lattice parameters of the K0.135MnO2 sample (space group I4/m) prepared with lemon 

juice and lemon peel as reducing agents. Rietveld refinements were performed by the 

FULLPROF program. 

 

Parameter P-MnO2 

a (Å) 

b (Å) 

c (Å) 

V (Å3) 

Crystallite size (nm) 

Rwp 

     χ2 

9.826(7) 

9.826(7) 

2.845(2) 

274.1 (3) 

2.5(5) 

18.6 

        1.75 

 

 

Table 3. The surface and pore characteristics of MnO2 powders. 

Compound SBET 

(m2 g-1) 

Pore volume 

(cm2 g-1) 

Mean pore size 

(nm) 

GT-MnO2 

BT-MnO2 

49.8 

33.2 

0.066 

0.054 

11.5 

7.7 
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Table 4. Redox potentials recorded by cyclic voltammetry for GT-MnO2 and BT-MnO2 

-phases. 

 

Material 

Cathodic potential at 

1st cycle 

(V) 

Redox potentials at 2nd and 

subsequent cycles 

Reduction Oxidation 

BT-MnO2 

 

GT-MnO2 

2.40 

 

2.45 

2.31 

2.61 

2.30 

2.65 

2.44 

2.76 

2.44 

2.80 

 

 

Table 5. Randles parameters and diffusion coefficient DLi+ of GT- and BT-MnO2 electrodes.  

 

Electrode Cell voltage(V) Rs (Ω) Rct (Ω) w (Ω s-1/2) DLi+ (cm2 s-1) 

GT-MnO2 

 

BT-MnO2 

3.0 

1.8 

3.0 

1.8 

14.5 

14.3 

16.5 

16.0 

83.2 

60.2 

105.8 

67.9 

40.2 

45.9 

63.1 

74.0 

5.2×10-11 

4.0×10-11 

2.1×10-11 

1.5×10-11 

 

 

 

 


