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d Nanotechnology National Laboratory for Agriculture (LNNA), Embrapa Instrumentação, São Carlos 13560-970, Brazil
e Institute of Nanostructured Materials, Italian National Research Council (ISMN–CNR), Via Piero Gobetti, 101, 40141 Bologna, Italy
f Helmholtz Zentrum Berlin, Hahn-Meitner-Platz 1, 14109 Berlin, Germany
g Department of Applied Science and Technology (DISAT), Polytechnic of Turin, Corso Castelfidardo 39, Turin, Italy
h Department of Basic and Applied Science for Engineering, Sapienza University of Rome, Via Scarpa 14, 00161 Rome, Italy
i Research Center on Nanotechnologies Applied to Engineering of Sapienza (CNIS), Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy.
j Department of Chemistry, Humboldt University, 2.304, Brook-Taylor-Str. 2, Adlershof, 12489 Berlin, Germany
k Institute for the Study of Nanostructured Materials, Italian National Research Council (ISMN–CNR), Strada Provinciale 35d 9, 00010 Rome, Italy

A R T I C L E  I N F O

Keywords:
Green recovery
δ-MnO₂ electrodes
Lithium-ion batteries (LiBs)
Manganese-based tailings
Rechargeable lithium batteries

A B S T R A C T

The transition to net-zero emissions by 2050 necessitates the development of sustainable and efficient energy 
storage systems to complement the rise in renewable energy generation. Lithium-ion batteries (LiBs) are pivotal 
in this energy transformation, yet challenges remain in developing sustainable, high-performance materials. 
Manganese oxides (MnOₓ) are promising candidates for LiBs anodes due to their abundance and high theoretical 
capacity. However, the commercial synthesis of MnOₓ materials is resource-intensive, and the mining processes 
generate large amounts of environmentally hazardous tailings. In this study, we propose a novel method to 
recover manganese from mining tailings in the Brazilian Amazon and synthesize δ-MnO₂ as a high-capacity 
conversion anode material for LIBs. Using a green recovery method involving KOH and H₂O₂, we extracted 
potassium manganate (K₂MnO₄) from the tailings with a recovery efficiency of 90.3 %,and synthesized δ-MnO₂. 
The prepared material showed promising electrochemical properties, demonstrating its potential as a sustainable 
alternative to commercially available manganese oxides. This process not only offers a way to mitigate the 
environmental risks posed by manganese mining tailings but also provides an economically viable solution for 
producing high-performance battery materials. The developed methodology can be applied to other manganese- 
bearing residues and low-grade ores, contributing to the growing demand for battery-grade manganese in a 
sustainable and circular manner.

1. Introduction

Achieving net-zero emissions by 2050 requires the immediate and 
massive deployment of clean and efficient energy technologies. There-
fore, renewable energy sources, such as solar and wind, will play a 
critical role in this transition, with their share in total electric power 

generation expected to increase from 29 % in 2020 to over 60 % by 2030 
and nearly 90 % by 2050 (IEA 2021). However, renewable energies are 
inherently intermittent, highlighting the need for reliable and sustain-
able energy storage systems to ensure a continuous and stable electricity 
supply [1]. Among energy storage technologies, lithium-ion batteries 
(LiBs) are currently the leading solution due to their high energy density 
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and efficiency [2]. Currently commercial LiBs rely on cathode featuring 
non-abundant elements such as Ni and Co, while the anode is based on 
graphite. However, challenges developing sustainable and scalable 
materials for future LIBs still remain [3]. The replacement of graphite is 
a key area of research, driven by the need for higher energy density, 
faster charging, and improved battery lifespan. While graphite elec-
trodes offer reliability, their limitations in energy storage systems have 
prompted scientists to explore alternative materials, in particular those 
based on conversion chemistries [4]. Manganese oxides (MnOₓ) have 
been emerging as promising materials for LiBs anodes owing to their 
natural abundance, good chemical stability, and high theoretical ca-
pacity [5,6]. MnOₓ-based anodes, which include a variety of different 
oxidation state oxides (MnO, MnO₂, Mn₂O₃, Mn₃O₄), are particularly 
attractive because of their potential to store large amounts of lithium. 
Despite these advantages, MnOₓ-based anodes face several limitations, 
such as low electrical conductivity, poor ion diffusion, and structural 
degradation during charge and discharge cycles, leading to capacity 
fading [7,8].

Currently, around 90 % of extracted manganese is used in the steel 
industry, and manganese oxides for batteries are predominantly syn-
thesized from commercially available chemicals. Thus, manganese 
sources are a great challenge in the development of MnOₓ-based elec-
trodes. In fact, the extraction and processing of high-grade manganese 
ores, are resource-intensive and lead to significant environmental 
impact [9]. Besides, the mining and beneficiation processes generate 
substantial amounts of manganese tailings, which are stockpiled in dams 
or illegally traded. These tailings pose environmental and social risks, 
particularly in countries like Brazil [10]. Considering the rapidly 
growing demand for manganese sources, the European Union has clas-
sified battery-grade manganese as a critical raw material (CRM). The EU 
Critical Raw Materials Act (2024) requires member states to ensure that 
10 % of their manganese supply comes from domestic sources and that 

25 % of this supply is recovered from secondary sources such as indus-
trial waste [11]. This stresses the importance of finding more sustainable 
and economically viable sources of manganese for battery production. In 
this respect, Mn-ore mining tailings are particularly intriguing as sec-
ondary raw material since are comprised of relatively large amounts of 
manganese-bearing minerals that are regarded as non-suitable for the 
steel industry [12]. This paper proposes a novel approach to recover 
manganese from mining tailings in the Brazilian Amazon Rainforest, i.e. 
from the Kalunga Dam (Pará), and to synthesize a high-capacity con-
version anode material for lithium-ion batteries. Specifically, we 
developed a non-stoichiometric δ-MnO₂ material with potential appli-
cations in lithium metal batteries by means of a sustainable method 
which can offer a way to mitigate environmental risks while contrib-
uting to the growing demand for battery-grade manganese.

2. Results and discussion

2.1. Recovery of MnOx from mining tailings

Fig. 1 presents the chemical and mineralogical characteristics of Mn- 
tailings. In particular, the tailings consist of approximately 16 % man-
ganese by weight, along with notable amounts of aluminum (9.8 %), 
silicon (8.8 %), and iron (5.6 %). The mineralogical composition is 
influenced by the original ore formation—mainly pyrolusite and cryp-
tomelane—and by the various beneficiation processes employed, 
including washing, jigging, crushing, clay scrubbing, grinding, sieving 
with vibrating screens, hydraulic classification, and sink-and-float sep-
aration. As a consequence, the tailings also contain “light” (specific 
gravity ≈ 3–3.8) and “soft” (Mohs hardness ≈ 1.5) manganese oxides 
with layered (birnessite) or tunneled (todorokite) structures, which 
accumulated alongside low-density minerals like quartz, kaolinite, and 
gibbsite. XRF elemental analysis detected Ba, Ca, and K, which originate 

Fig. 1. Schematic of K2MnO4 recovery and MnOx synthesis from mining tailings. The Synthetic pathway of MnOx recovery via alkaline fusion and H2O2 reduction is 
illustrated here. Starting from tailings, the Mn is recovered as a K2MnO4 solution and finally transformed into δ-MnO2 (M1). a) Mn recovery and M1 synthesis; b) 
calibration curve to evaluate spectrophotometrically Mn extraction efficiency (through the λ = 525 nm KMnO4 absorption peak); c) elemental tailings composition 
and d) X-ray diffraction pattern of recovered δ-MnO2.
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from non-stoichiometric manganese oxides such as cryptomelane, bir-
nessite, and todorokite. Thermal analysis of the tailings revealed “low 
temperature” endothermic losses primarily associated with gibbsite 
dehydroxylation in two steps (at 264 and 354 ◦C), see Fig. S1 in Sup-
porting Information. These losses overlap with the progressive water 
loss from Mn-bearing birnessite and todorokite, transforming into 
cryptomelane, as well as kaolinite dehydration to metakaolinite 
[13–15]. Additionally, incomplete transformation of manganese phases 
into Mn2O3 is observed at around 600 ◦C, while the conversion of 
cryptomelane to Mn2O3 occurs between 650 and 780 ◦C. The complete 
transformation of manganese ore tailings into Mn3O4 (bixbyite-to- 
hausmannite transition) is achieved at 985 ◦C, accompanied by the loss 
of half a mole of oxygen. As for Mn recovery process, manganese 
leaching rate, measured as K2MnO4 extraction efficiency, see Fig. 1, 
reached 90.3 %. Although this extraction yield is high, efforts are un-
derway to optimize the process in terms of the cost-benefit ratio, 
particularly the KOH-to-tailings ratio. The current methodology is to be 
considered suitable to be applied not only to the present tailings but also 
to various types of manganese-bearing mining residues, including sili-
cates, as well as to low-grade manganese ores not intended for steel 
production [16,17]. Overall, the current methodology is highly versatile 
and can be applied to various types of manganese ores and extraction 
residues, regardless of their chemical composition, including braunite, 
rhodochrosite, and manganese silicates. Nonetheless, the manganese 
recovery process becomes more and more advantageous when it comes 
to ores with low silica and low alumina content. Therefore, the alkaline 
fusion process is expected to be particularly profitable when applied to 
ores or tailings with low aluminum and silicon content, such as those 
found in decommissioned mines across the Northen Brazilian Amazon 
[14,15].

2.2. Physical-chemical characterization of δ-MnO2 powder

After recovery, potassium manganate was converted into the M1 
material using H2O2, and its physicochemical properties were investi-
gated. Manganese average oxidation state (AOS) in the M1 powder, 
determined by the oxalate back-titration method, was found to be 3.53 

± 0.05. Combination of flame atomic absorption spectroscopy (FAAS) 
results (K = 8.1 wt%, Mn = 41.7 wt%), AOS determination, and thermal 
analysis, see Fig. S2 in SI section, led to an M1 composition corre-
sponding to K0.27MnO1.90‧0.6H2O (commonly reported as K0.27MnO2‧ 
0.6H2O). The presence of oxygen vacancies and structural water is ex-
pected to significantly influence the electrochemical properties of the 
material. The composition of M1 aligns with manganese oxides prepared 
through potassium permanganate reduction. Additionally, FAAS anal-
ysis showed that residual levels of iron (0.008 %) and aluminum (0.076 
%) in M1 are negligible and can be safely disregarded. M1 thermal 
analysis is reported in Fig. S2, SI section. The lowest temperature 
thermal event corresponds to the elimination of physiosorbed H2O. 
Surface water evaporation is accomplished at 101 ◦C. Further mass loss, 
with a maximum slope at 145 ◦C, can be associated with the elimination 
of interlayer (i.e. crystallization) water [18–20]. The observed weight 
loss between 120 ◦C and 500 ◦C was 8.7 %, and can be ascribed to the 
removal of residual crystallization water and surface OH groups. Such 
dehydration facilitates the phase transition from δ-MnO2 (layered) to 
α-MnO2 (tunneled). Indeed, birnessite-like materials with a K/Mn ratio 
between 0.1 and 0.3 are known to exothermically crystallize into 
tunneled cryptomelane (KMn8O16). The closer the K/Mn ratio to 0.125, 
the sharper the differential thermal analysis (DTA) exothermic peak 
associated with the birnessite-to-cryptomelane transition [21]. Since the 
K/Mn ratio for M1 is 0.27, deviating significantly from 0.125, the cor-
responding DTA exothermic signal is broad. Upon further heating, M1 
decomposes into K2Mn4O4 and bixbyite (Mn2O3). The decomposition of 
MnO2 to Mn2O3, with the release of oxygen, occurs at about 580 ◦C, as 
indicated by a downward peak in the DTA signal. Finally, the conversion 

of manganese sesquioxide to Mn3O4 occurs above 900 ◦C, according to 
the following reaction: 

3Mn2O3→2Mn3O4 +
1
2
O2 

Consequently, M1 exhibited a sharp endothermic peak and a sig-
nificant mass loss between 900 ◦C and 1100 ◦C, amounting to about 3.7 
wt%. This loss corresponds to the release of half a molecule of O2, 
confirming the transition to the mixed-valence (II/III) manganese oxide.

Fig. 2 provides a comprehensive morphological and structural 
analysis of the M1 material. In Fig. 2a, scanning electron microscopy 
(SEM) images and energy-dispersive X-ray spectroscopy (EDS) maps 
illustrate the salient sample features. The morphology of M1 consists of 
nanometric “sheets” organized into a hierarchical, flower-like, “spongy” 
structure. These nanometric particles developed into submicron-sized 
formations (300–400 nm), resulting in a macroporous structure with 
pore sizes around 70 nm. This type of morphology is characteristic of 
non-stoichiometric manganese oxides synthesized by reducing KMnO4, 
particularly using ethanol or hydrogen peroxide [22–25]. The EDS maps 
further demonstrate the uniform composition of M1. Indeed, the EDS 
spectrum shows no detectable iron or aluminum and only a minimal 
silicon signal, reinforcing the FAAS findings regarding the purity of the 
material. It has to be taken into account that the carbon signals from EDS 
analysis is originated from the carbon tape. To gain deeper insights into 
the morphology of M1 and its implications for electrode performance, 
SEM analyses were also conducted on M1-based conversion anodes 
before cycling, Fig. S3 in the SI section. The hierarchical, flower-like 
structure of M1 particles was preserved in the electrodes, and the ma-
terial’s purity was maintained. For comparison, SEM analyses of elec-
trodes prepared using M2-M5 materials are also presented in Fig. S3, SI 
section. Notably, M2 electrodes exhibited a similar porous, hierarchical 
structure due to oxygen evolution during the synthesis. In contrast, M3 
(produced via manganate disproportionation) displayed a completely 
disordered morphology with large manganese oxide aggregates. Similar 
disordered structures were observed for M4 and M5. High-resolution 
transmission electron microscopy (HR-TEM) analysis of M1, Fig. 1a, 
reveals agglomerated microporous structures and nanosheet-like 
building blocks, which contribute to the macroporous structure seen 
in the SEM images [25–27]. Furthermore, M1 was revealed to be 
nanocrystalline with plenty of randomly-oriented crystallites as 
confirmed by Rietveld analysis which revealed an average crystallite 
size of approximately 7.5 nm. EDS mapping reported in Fig. S4 SI sec-
tion, identified potassium, manganese, and oxygen, corresponding to 
manganese oxide, while minor tungsten and silicon contamination, most 
likely coming from sample handling, was also detected. For sake of 
comparison, EDS analysis on M2 sample showed no residual contami-
nants (Al, Fe, Si), while other samples showed significant amounts of Al 
and Si. This is due to different reduction conditions, see Table S1, that 
brought about the hydrolysis and precipitation of alkali-soluble species, 
present in the recovered K2MnO4 solution. Thus, the decrease of pH 
caused aluminate (most likely KAlO2) and potassium silicate (K3SiO3) 
precipitation as Al(OH)3 and amorphous hydrated silica, respectively. 
Conversely, M4 and M5 are mostly not affected by Al and Si contami-
nation, being synthesized through the reduction of permanganate and 
manganate, respectively. Still, very small amounts of Al and Si were 
found together with fluorine that can be attributed to the PVDF binder. 
This implies that, among the different synthetic routes, K2MnO4 reduc-
tion by H2O2 pre-empts Al and Si contamination of the final δ-MnO2 
material. Reasonably, convective motion set by oxygen bubbling keeps 
aluminates and silicates from depositing on the M1 and M2 oxides.

Average crystalline plane distances were inferred from Selected Area 
Electron Diffraction (SAED) pattern, where five diffraction rings were 
assigned to the (001), (002), (111), (112), and (312) crystallographic 
planes of K-birnessite, Fig. S4 SI section. The X-ray diffraction (XRD) 
pattern of Fig. 2b further confirms the nanocrystalline nature of M1, 
showing broad peaks consistent with δ-MnO2 phase (PDF card No. 
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42–1317). The reduction of K2MnO4 with H2O2 resulted in the formation 
of this nanocrystalline δ-MnO2, which is in line with previous studies 
[28–30]. The synthesized material is verified to be a non-stoichiometric, 
hydrated manganese oxide with a “birnessite-like” hexagonal structure, 
as evidenced by the diffraction peaks at, 2θ ≈ 36.5◦ (111 reflection), and 
2θ ≈ 66.0◦ (312 reflection) [25,31]. These diffraction intensities depend 
on the crystalline degree and grain size [32]. Additionally, the typical 
layered arrangement of birnessite, with the diffraction peak at 2θ =
12.26◦ (001) corresponding to an interlayer spacing of 7.21 Å, was 
observed, see Fig. 2a. This involves the intercalation of potassium (K) 
and water (H2O) molecules between MnO6 octahedral layers. The (002) 
plane, identified at 2θ = 24.85◦ and corresponding to a d-spacing of 
3.58 Å, further supports these findings about M1 structure. The XRD 
pattern shows peak broadening, which is likely due to the nano-
structured nature of the material, comprising nanosheets aggregated 
into nanoparticles. The rapid reaction rate, driven by the addition of 
hydrogen peroxide to the alkaline manganate solution, probably caused 
the formation of numerous small crystallization nuclei that did not have 
time to develop into larger crystals. Thus, the growth of large crystallites 
was hindered, which explains the broad diffraction peaks observed in 
Fig. 2b, corroborates the nanocrystalline nature of the material. 
Nevertheless, the (001) and (002) birnessite basal plane reflections in 
M1 are more intense than the (111) reflection, indicating a certain level 
of structural order, particularly a consistent interlayer spacing [33]. For 
comparison, the XRD spectra of M2-M5 materials were also analyzed, as 
reported in Fig. S5 SI section. Although M2 was synthesized similarly to 
M1 (by reducing a 0.05 M K2MnO4 solution with 12 mL of H2O2) its XRD 
pattern display a weaker (001) reflection and a more intense (111) peak 

compared to the (002) reflection. This implies a non-uniform distribu-
tion of the interlayer species, in spite of a constant spacing between the 
MnO6 octahedral layers [33]. The diffraction pattern of M5, prepared by 
reducing K2MnO4 with absolute ethanol, shows similar features. The 
disordered distribution of interlayer species in M5, combined with a 
potential shift of the main Mn–O layers within their planes, results in a 
less intense and broader (001) reflection compared to M1 [34]. In 
contrast, samples M3 and M4 exhibited the highest degree of disorder. 
Their XRD patterns show only the (111) and (312) peaks, reflecting 
variable distances between Mn–O layers and a lack of constant inter-
layer spacing. This irregular spacing, along with the uneven distribution 
of potassium ions and water molecules, caused turbostratic disorder. 
Besides, the diffraction peaks of M3 and M4 are extremely broad due to 
the very small crystallite size, which further verifies the higher disorder 
compared to the relatively more crystalline M1, M2, and M5 materials. 
The Raman spectrum reported in Fig. 2b confirms the identification of 
M1 as birnessite, with a distinct peak at 633 cm− 1 that can be attributed 
to the A1g symmetric stretching vibration v 2(Mn–O)v2(Mn–O) of the 
[MnO₆] octahedra in triclinic birnessite. Additionally, a weak absorption 
peak at 277 cm− 1 is indicative of interlayer potassium vibrations typical 
of triclinic birnessite [35]. The possible presence of hexagonal birnessite 
is suggested by a weak band at 570 cm− 1, corresponding to the E2g 
(ν1ν1) mode associated with Mn–O–Mn symmetric stretching vibrations 
in the basal plane of the [MnO₆] groups, characteristic of hexagonal 
birnessite [36]. This peak is more prominent in materials synthesized by 
Mn(VI or VII) reduction with ethanol (M4 and M5), while it is barely 
detectable in the M2 oxide, consistent with the similarity in the synthetic 
route between M1 and M2, see Fig. S6 in SI section. On the other hand, 
the Raman spectra of M3, and to some extent also the M4 one, reflect the 

Fig. 2. Physical-chemical characterization of material M1. (a) Scanning electron microscopy image (SEM), corresponding EDS mapping of C, Mn, O, K and High 
Resolution Transmission Electron Microscopy ((001) planes with typical birnessite d-spacing (≈ 7 Å)). (b) X-ray diffraction pattern (top-panel) and Raman spectrum 
(down panel). (c) X-ray photoelectron spectroscopy spectra of Mn2p3/2, Mn3p, Mn3s and C1s core level. (d) Nitrogen adsorption-desorption isotherms and the 
corresponding pore size distribution.
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low crystallinity of both materials, appearing as broad, single bands. The 
FTIR spectrum of M1 electrode reported in Fig. S7 SI section, features a 
broad band from 3500 cm− 1 to 2500 cm− 1, corresponding to the sym-
metric and asymmetric stretching of O–H groups in interlayer struc-
tural water. Peaks at 1636 cm− 1 and 1509 cm− 1 are associated with 
O–H stretching from surface-adsorbed water, while bands at 1056 cm− 1 

and 926 cm− 1 represent the complex vibrations involving -OH groups 
and Mn atoms [35]. The small peaks at 551 cm− 1 indicate Mn-O-Mn 
stretching modes in the structural octahedral layers of birnessite, 
consistent with triclinic birnessite [37,38]. In the M2 FTIR spectrum, a 
peak at 2969 cm− 1 attributed to the PVDF binder signifies the presence 
of CH₂ groups belonging to the polymer binder [39]. Fig. 2c reports the 
X-ray photoelectron spectroscopy (XPS) spectra for the Mn2p3/2, Mn3p, 
and Mn3s core levels, revealing the presence of Mn in multiple oxidation 
states (i.e. Mn(IV), Mn(III), and Mn(II)). The peaks were fitted according 
to the method reported by Ilton et al., with adjustments to peak widths 
based on instrumental resolution [40]. The survey spectrum and a table 
listing all fitting parameters are reported in Fig. S8 and Table S2 in SI 
section. The average oxidation state (AOS) derived from the three fitted 
core levels showed 56 % Mn(IV), 37 % Mn(III), and 7 % Mn(II), closely 
matching the values reported by Ilton et al. for triclinic birnessite. The 
calculated average oxidation number was 3.49, in good agreement with 
the results obtained from the oxalic acid back-titration method. Inter-
estingly, the AOS determined by XPS decreased to 3.25 in the conversion 
anode electrode, possibly due to partial oxidation of the NMP solvent 
used in slurry preparation, given the high reactivity of M1. Additionally, 
no impurities brought about by the mining tailings or the synthesis 
process were detected on the M1 surface. The C1s peak showed three 
different carbon species, all originating from the carbon tape, while the 
K2p core level displayed a single pair of peaks, consistent with triclinic 
birnessite. Fig. 2d shows the nitrogen adsorption-desorption isotherms 
and the associated pore size distribution for M1. The adsorption- 
desorption curves suggest that the material is primarily composed of 
non-porous or macroporous aggregates, as can be inferred by the type II 
isotherm according to IUPAC classification. Such findings are consistent 
with and supported by SEM images. Therefore, macropores and inter-
particle pores largely account for material porosity. However, a small 
hysteresis loop resembling a type IV isotherm typical of mesoporous 
materials can also be identified. The specific surface area (SSA) deter-
mined by BET analysis was 38 ± 1 m2/g, consistent with the values 
observed for poorly crystalline oxides used in alkaline batteries. For 
comparison, the SSA of electrolytic manganese oxide, commonly used in 
portable primary batteries, typically ranges between 10 and 60 m2/g 
[41]. Birnessites synthesized using deep eutectic solvents (DESs) have 
also shown BET SSA values close to that of M1 [29]. The average mac-
ropore diameter of 70 nm, derived from the N2 adsorption/desorption 
curves, aligns with SEM micrographs. Despite M1 being predominantly 
macroporous, micropores were also discovered from TEM images. The 
micropore surface area was 7.7 m2/g, accounting for about 20 % of the 
total SSA, with a Langmuir SSA of approximately 54 m2/g. Furthermore, 
the total pore volume was 0.129 cm3/g, and an additional peak at 1.7 
nm in the pore size distribution suggests the presence of micropores.

2.3. Electrochemical performance of MnOx in lithium-half cell

The M1 sample obtained through the direct manganate reduction 
with H2O2 in a highly alkaline environment, is a nanocrystalline, hy-
drated oxide with mixed-valency manganese (II, III, and IV). Its prop-
erties are comparable to those of commercial Permanox δ-MnO2, a 
byproduct of the O-toluenesulfonamide to saccharin conversion, which 
was used as cathode material in dry-cell batteries up until the late 1990s 
[42]. Unlike the preparation of Permanox, the synthesis of M1 does not 
require either acid washing or MnSO4/KMnO4 treatments to produce a 
battery-active material. In addition, the purification steps typically 
employed in industrial processes to remove metals more noble than zinc, 
such as raising the pH and cementation, are unnecessary in this case. 

Moreover, preparing δ-MnO2 directly from K2MnO4, using “green” and 
cost-effective reductants like hydrogen peroxide, sugars and bioethanol, 
could be more economically viable than synthesizing manganese oxides 
from commercially available permanganate. This cost advantage is due 
to the avoidance of the expensive Mn(VI) to Mn(VII) electrolytic 
oxidation process. Finally, the alkaline solution left over from M1 pre-
cipitation is amenable to reuse. These features make M1 a promising 
candidate as an active material for lithium metal batteries. Hence, M1 
was evaluated as a material for conversion anode electrodes in lithium 
half-cells. Fig. 3 presents the electrochemical performance at a current 
density of 1C (200 mA/g, based on the MnO2 mass), while additional 
testing at C/3 for M1 and the other MnOx materials (M2-M5) is shown in 
Fig. S9 SI section.

Fig. 3a illustrates the voltage profiles over different cycles and in-
dicates a gradual decline in specific capacity during the initial cycles, 
followed by stabilization. Furthermore, the voltage profile highlights a 
multi-electron mechanism both during discharge and charge, as the 
evidence of 2 different plateaus both at discharge and charge. It is to be 
considered that the decrease and following increase in the delivered 
capacity is a common feature in conversion anodes and may stem from 
multiple sources. In particular, capacity fading is due to metallic particle 
size increase (i.e. lithium storage slower kinetics) and to a polymeric gel- 
like film, deriving from electrolyte decomposition, which grows on the 
surface of the crumbling anode. Furthermore, conversion anode opera-
tion results in the formation of new phases characterized by the un-
controlled spatial distribution originated from chemical interaction with 
large amounts of Li. Thus, insulating compounds with low conductivity 
are generated, leading to high overpotentials, degradation of the elec-
trode and reduced reversible capacity. On the other hand, the increase of 
delivered capacity is due to the electronic conduction activation of Mn- 
particles upon lithium storage [43–45]. By the 100th cycle, the specific 
capacity stabilizes at about 300 mAh/g, indicating good cycling stabil-
ity, as corroborated by the extended cycling data in Fig. 3b. The rate 
capability results reported in Fig. 3c demonstrate that the M1 electrode 
maintains a high specific capacity across a wide range of current rates, 
from C/10 to 5C. Even at 5C, the electrode delivers a significant ca-
pacity, above 300 mAh/g, suggesting that the material performs effi-
ciently under high-rate conditions. Furthermore, when the current rate 
is reduced back to C/10, the electrode recover 90 % of the specific ca-
pacity at cycle 5th, indicating the robust structural integrity and 
reversibility of the electrode during rapid cycling. Finally, specific ca-
pacity is aound 800–900 mAh/g at C/3 (67 mA/g) over a 100 cycles 
range, see Fig. S9 in the SI section. These findings suggest that M1 ex-
hibits excellent electrochemical properties, including both long-term 
cycling stability at 1C and impressive rate capability. The ability to 
sustain capacity at higher current rates, along with the capacity recovery 
when returning to lower rates, underscores M1’s potential as a prom-
ising material for high-power lithium-ion battery applications.

Cyclic Voltammetry (CV) curves for the first five cycles of M1 in a 
lithium half-cell is reported in Fig. S10 SI section. During the first cycle, 
a cathodic peak at 0.6 V is observed. This peak is associated to the 
electrolyte reduction and to the formation of solid electrolyte interface 
(SEI), which is absent in the subsequent cycles. Following SEI formation, 
a major cathodic peak at 0.3 V is observed, assigned to the reduction of 
δ-MnO2 to lower oxidation states and, eventually, to metallic Mn, 
accompanied by Li2O formation [46]. Considering the oxidation pro-
cess, only one peak occurring at around 1.1 V was detected. After the 
first cycle, characterized by a low Coulombic efficiency and a initial 
reduction in the CV curve area, the electrochemical process stabilizes, 
see Fig. S10 and S11 in the SI section.

2.4. Insight electrochemical mechanism of MnOx in lithium-half cell

In order to better understand the electrochemical conversion 
mechanisms, an ex-situ XRD study was conducted at different charge 
and discharge stages to correlate the voltage profile with structural 
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changes. Fig. 4a reports the voltage profile at C/10 rate, displaying 
distinct plateaus which indicates the sequential reduction and oxidation 
of manganese as lithium ions intercalate and de-intercalate in/from the 
M1 structure. Conversely, the prominent plateau around 0.4 V during 

discharge signifies the reduction of Mn to lower oxidation states, while 
the charging profile confirms the largely reversible nature of the redox 
reaction. These characteristics imply that M1 can facilitate multi- 
electron processes, thus enabling significant lithium storage to occur. 

Fig. 3. M1 electrochemical performances. Cycling performance of an M1 electrode in Li-half-cell at a current of 200 mA/g. (a) Voltage profiles at different cycles and 
(b) prolonged cycling performance. (c) Rate capability analysis at different current rate and corresponding voltage profile; cell configuration Li/EC:DMC 1:1 LiPF6 
1.0 M /MnOx.

Fig. 4. Investigation of electrochemical mechanisms in Li-cell. (a) First cycle voltage profile at C/10 current rate of Li/M1 cell and (b) corresponding diffraction 
analysis at different states of discharge/charge.
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Fig. 4b shows X-ray diffraction patterns at various states of charge and 
discharge, revealing structural evolution during cycling. Notably, during 
both partial and full discharge, the birnessite basal plane peak (001) is 
still visible, although broadened, indicating that the first discharge does 
not completely degrade the structure. Additionally, the (002) plane is 
detectable as a shoulder of the large super P carbon peak centered 
around 21◦ [47]. Upon full charging, the XRD pattern suggests that the 
M1 structure becomes nearly amorphous, as the (001) and (002) peaks 
weaken significantly. This loss of crystallinity may explain the decline in 
M1 specific capacity during the initial cycles. Nevertheless, amorphous 
materials can accommodate substantial volume changes associated with 
lithium ion insertion, allowing for rapid charge transfer. The capacity 
recovery observed after several cycles suggests that M1 structural 
changes are reversible. This property is crucial for the electrochemical 
performance in order to retain long-term cycling stability. Such a 
reversible behavior implies that M1 can undergo phase transformations 
without significant degradation of its electrochemical properties. 
Overall, Fig. 4 demonstrates that M1 not only shows clear voltage pla-
teaus indicative of redox activity but also undergoes reversible struc-
tural transitions, which are essential for its performance as a lithium-ion 
battery electrode material.

Several factors contribute to M1’s remarkable performances as 
conversion anode material. The layered structure, characterized by a 
certain degree of structural order and the presence of interlamellar 
water, likely provides effective ionic pathways for Li+ diffusion, 
enhancing the material’s specific capacity [48–50]. Additionally, the 
closely spaced nanosheets of M1 facilitate fast charge transfer due to the 
increased contact area and to the reduced electron transport distance 
[51–54]. Furthermore, it has been widely reported that nanocrystalline 
manganese oxides shorten Li+ diffusion length and promote interfacial 
charge transfer [55,56]. The relatively low average oxidation state of 
manganese (≈3.50) implies a high density of defects and active sites on 
M1 surface, which enhances the electrochemical reactivity. Further-
more, the open, sponge-like hierarchical morphology of M1 can 
accommodate the volume changes associated with Li+ insertion, pre-
venting structural collapse and maintaining electrode integrity [57–60]. 
Interlayer water may also play a role in the electrochemical process by 
interacting with Li+ ions because of the high hydration enthalpy of 
lithium, potentially enhancing ionic mobility within the material 
[61,62]. Moreover, M1’s combination of large macropores and some 
micropores favors efficient electrolyte contact with the active material, 
which is fundamental for rapid ion exchange. In contrast, the similarly 
synthesized M2 oxide suffers from a lack of long-range order, which may 
hinder both electron and ion transport. Even less crystalline materials 
like M3, M4, and M5 performed poorly as conversion anodes due to their 
disordered structures. Additionally, M1’s higher purity compared to M3, 
M4, and M5 probably pre-empt parasitic reactions, thereby maximizing 
the specific capacity and enhancing the overall electrochemical 
performance.

3. Conclusion

This study presents a sustainable method for synthesizing δ-MnO₂ 
from manganese ore tailings sourced from the Brazilian Amazon, 
demonstrating its potential as anode material for lithium-ion batteries 
(LiBs). The process achieved a high manganese extraction rate (90.3 %) 
using oxidative alkaline fusion, aligning with circular economy princi-
ples. Through direct reduction of potassium manganate with H2O2, we 
obtained a K-birnessite-like material with mixed valency (Mn3+/Mn4+), 
allowing for the recovery and reuse of the KOH solution. The resulting 
material (M1: K0.27MnO2⋅0.6H2O) is a nanocrystalline, macroporous 
δ-MnO₂ with some structural order, which supports lithium storage 
through reversible redox reactions. The H2O2-based synthesis produced 
a pure material, free from impurities, despite the original manganese 
source. M1 showed promising electrochemical performance, with stable 
cycling at 1C (200 mA/g) and a capacity of 300–400 mAh/g, reaching 

800–900 mAh/g at C/3 (67 mA/g), and strong rate capability across 
various current densities. Electrochemical analysis revealed reversible 
phase transformations during cycling, essential for long-term stability 
and comparable with hydrothermal synthesis starting from commercial 
reagents, see Table S4 in SI section. Key features such as hierarchical 
morphology, interlayer water, layered nanostructure, and high purity 
contributed to M1 superior performance compared to other MnOx ma-
terials derived from the same tailings (M2-M5). Overall, M1 combines 
high Mn recovery, sustainable synthesis, and robust electrochemical 
properties, making it a strong candidate for high-power, eco-friendly 
LiBs. This approach offers a pathway for valorizing manganese mining 
residues, addressing the demand for critical battery materials in a 
resource-efficient manner.

4. Experimental

4.1. Materials

Potassium hydroxide (KOH flakes, >85 % purity), oxalic acid (99 %), 
sulfuric acid (98 %), hydrogen peroxide (30 % solution), NMP (N- 
Methyl-2-pyrrolidone), and PVDF (polyvinylidene difluoride) were ob-
tained from Sigma-Aldrich. Potassium permanganate (KMnO4) was 
supplied by Carlo Erba (Italy), hydrochloric acid (HCl, 37 %) by Vetec 
(Brazil), and absolute ethanol by EMSURE. All chemicals were used as 
received. Super P carbon was acquired from Timcal (Singapore), and 
LP30 electrolyte from BASF. Manganese ore tailings used in the study 
were sourced from the VALE S.A. Azul mining site in the Carajas mining 
district, Pará, Brazil, collected from the decommissioned Kalunga dam.

4.2. Manganese extraction as K2MnO4

For manganese recovery, 10 g of tailings, milled for 2 h to increase 
surface area, were used. The recovery process, based on Da Rocha et al. 
for battery recycling [63], involved adding a 6 M KOH solution to the 
sample in a nickel crucible (KOH-to-tailings ratio: 2:1). After drying at 
120 ◦C, the mixture underwent oxidative alkaline fusion at 350 ◦C for 1 
h. The process was repeated twice by adding 10 mL of distilled water (at 
150 ◦C) at each stage. K2MnO4 was leached with a 1.7 M KOH solution 
through sonication and stirring. The amount of extracted Mn was eval-
uated by disproportioning the K2MnO4 solution to MnO2 and KMnO4. 
The latter concentration was determined spectrophotometrically and 
allowed for the amount of recovered K2MnO4 and, therefore, the Mn 
extraction efficiency to be calculated.

4.3. MnOx synthesis

A 0.075 M K2MnO4 solution, diluted from the recovered batch, was 
used to synthesize MnOx. Briefly, H2O2 (30 %, 21 mL) was added 
dropwise to 110 mL of the solution, stirred for 3 h, then washed and 
dried at 110 ◦C, yielding the material labeled M1. The KOH-rich filtrate 
was recovered and stored for other applications. Other MnOx materials 
(M2-M5) were synthesized from the same batch using varied methods 
(details in Supporting Information).

4.4. Materials characterization

The structural features of tailings and MnOx materials were charac-
terized using XRD (Rigaku Smart-Lab, Cu Kα radiation). Elemental 
composition of tailings was determined by ED-XRF (X-Lab 2000). M1 
composition was analyzed using the oxalic acid-permanganate titration 
method for oxidation state determination and FAAS (with a PinAAcle 
900 T spectrometer by PerkinElmer) for potassium and manganese 
quantification. TGA-DTA was performed to analyze thermal behavior. 
Raman spectra were collected at 632 nm laser excitation, using a Jobin 
Yvon labRam HR UV 800. BET surface area and pore size distribution 
were measured by nitrogen adsorption/desorption (ASAP 2020 V3). XPS 
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was conducted with a JEOL JPS-9030 (equipped with a non- 
monochromated 300 W Al source) setup for surface composition anal-
ysis. The analyzer binding energy scale was calibrated by measuring 
sputter cleaned gold and copper foils and setting the Au4f7/2 peak to 
84.00 eV and the Cu2p3/2 peak to 932.62 eV CasaXPS software was used 
for peak fitting [64]. The morphological analysis of the materials has 
been performed using a FESEM Zeiss Auriga, equipped with Bruker 
Quantax EDX spectrometer and TEM JEOL F-200 assembled with a 
GATAN Rio16 CMOS acquisition camera and a JEOL EDX spectrometer, 
while XPS was conducted with a JEOL JPS-9030 setup for surface 
composition analysis.

4.5. Electrode preparation and electrochemical testing

MnOx electrodes were prepared by mixing MnOx (70 wt%), PVDF 
(10 wt%), and Super P carbon (20 wt%) in NMP, then casting on copper 
foil and drying at 100 ◦C. Coin cells were assembled with LP30 elec-
trolyte, and electrochemical testing was performed using a Maccor 
battery tester, cycling between 0.01 and 3.0 V. Current of 200 mA/g was 
referred in the text as 1C, however not being referred to current to 
discharge the material in 1 h.
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