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Lithium extraction from spinel LiMn,O4 is of significant importance, because it serves not only as one of
the mainstream cathode materials for lithium-ion batteries (LIBs) but also as a crucial precursor for the
preparation of isostructural A-MnO, (delithiated LiMn,O,), widely used in the selective lithium extraction
from brines and seawater. This study proposes a novel approach for lithium extraction from LiMn,O, that
preserves the structural integrity of the spinel during delithiation, by using sodium hypochlorite (NaClO)
as an oxidant under comparatively mild conditions (room temperature, weakly acidic environment). At pH
= 4, approximately 99.3% of lithium was selectively extracted without detectable Mn loss. Mechanistic
analysis revealed that the process primarily involves Mn®* oxidation to Mn**, with a minor contribution
from H*/Li* ion exchange. The resulting A-MnO, maintained its spinel morphology and exhibited good
lithium uptake capacity and cyclic performance. Moreover, life cycle and techno-economic assessments
demonstrate that the NaClO-based oxidative selective delithiation route offers significantly lower environ-
mental impacts, energy consumption, and overall cost than the previously reported Na,S,Og-based oxi-
dation process. Compared with traditional acid leaching, it demonstrates advantages in terms of human
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toxicity and freshwater aquatic ecotoxicity, and also offers superior A-MnO yield and downstream pro-
cessing owing to its higher lithium selectivity and negligible Mn loss. This work provides a simple,
efficient, and sustainable strategy for A-MnO,, preparation and holds promise for the selective recovery of

rsc.li/greenchem lithium from spent LiMn,O4 cathode materials.

Green foundation

1. This work advances green chemistry by developing a mild and selective oxidative delithiation route for LiMn,0, that avoids high temperatures and strong
acidic leaching, thereby reducing energy consumption and hazardous waste generation.

2. Using inexpensive and widely available sodium hypochlorite (NaClO) enables the direct production of A-MnO, while selectively extracting lithium, with
approximately 30% lower estimated carbon emissions and reduced reagent cost compared with persulfate-based processes.

3. Future research will emphasize safer handling of NaClO and addressing the risks of Cl, gas release to enhance process safety and scalability.

table devices (laptops, mobile phones, etc.) and handled
devices, owing to their high energy densities, high coulombic

1. Introduction

Lithium-ion batteries (LIBs) were first successfully commercia-
lized in 1991 by Sony using the LiCoO,/C battery." Since then,
LIBs have been widely utilized in various areas, including por-
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efficiencies, and low self-discharge features."”> Over the past
several decades, growing concerns regarding climate change
and fossil fuel security have led to a significant increase in the
demand for electric vehicles (EVs).>* This trend has directly
contributed to a significant increase in the demand for LIBs.
Among the various commercially available cathode materials,
the spinel-type LiMn,O, has garnered significant attention
due to its high operating voltage, non-toxicity, low cost, and
excellent thermal stability, making it useful for large-scale
energy storage applications and EVs.*”” Therefore, the re-
cycling of waste LiMn,O, to obtain valuable raw materials,
especially lithium, which has been listed as a critical raw
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material by many countries and regions, is of great impor-
tance. However, compared with other cathode materials, such
as LiCoO,, LiNi,Co,Mn,0,, and LiFePO,, studies on the re-
cycling of LiMn,0, are relatively limited.®

On the other hand, the rapid growth of lithium demand
has not only driven the upsurge of selective lithium recovery
from spent LIBs, but also led to the exploration of other avail-
able lithium resources. As reported, around 60% of the natural
lithium reserves around the world exist in brines and sea
water.® So far, many technologies, such as evaporation-precipi-
tation,” solvent extraction,'® membrane-based separation,'**?
adsorption,'®'* and electrochemical-based separation,
have been proposed to extract lithium from aqueous sources
containing Na*, K*, Mg?*, Ca*", etc., especially from low-quality
brines with high Mg>*/Li* ratios."” Among them, lithium-selec-
tive ion sieves (LISs), typically derived from precursors contain-
ing Li" ions, are regarded as promising absorbents for separ-
ating lithium and obtaining high-purity products due to their
excellent lithium selectivity.®'” In general, LISs can be divided
into two categories according to their corresponding precur-
sors: the lithium manganese oxides-type (LMO-type) and the
lithium titanium oxides-type (LTO-type), with the former being
more cost-effective than the latter due to the low cost of
manganese compared to titanium.>'*'”'® As an important
branch of LISs of the LMO-type, A-MnO, is commonly prepared
using spinel LiMn,0, as precursor, in which the lithium sites
are vacant and can accommodate Li* while excluding larger
alkali such as Na', K" owing to size constraints and restricting
divalent ions such as Mg”* due to its high hydration
enthalpy.®'*'®% In order to improve the lithium uptake per-
formance of A-MnO,-based absorbents, various strategies have
been explored, including the development of A-MnO, powders
with diverse morphologies and increased surface areas,?®™>*
and A-MnO, composite materials with diatomaceous earth'*
and mesoporous polyacrylonitrile.*® However, to date, the
most common method for preparing A-MnO, from LiMn,0,
still requires direct washing with inorganic acids such as HCI
or HNO;, with the associated cost of significant Mn loss
(exceeding 20%).'*'*2%277*° Moreover, continuous acid treat-
ment to extract lithium from the lithium-inserted A-MnO,-
based absorbents would further induce Mn dissolution,
severely impacting the performance and lifespan of A-MnO, as
a lithium ion-sieve.'**°>?> Electrochemical delithiation pro-
vides a controllable and efficient route for lithium extraction
from LiMn,0,>* but typically requires conductive electrodes
and complex reactor designs, making it less suitable for large-
scale processing of powdery materials. Therefore, researchers
proposed a hydrometallurgical strategy to selectively extract
lithium from spinel Li,Mn,0, (0 < x < 1) by using persulfate to
inhibit Mn dissolution due to its strong oxidizing
ability.'*'%**3% g0 far, various persulfates, such as
(NH,4),S,0s, K,S,0s, and Na,S,0s, have been successively intro-
duced. However, lithium extraction with persulfate typically
requires a high operating temperature (above 80 °C), which
undoubtedly increases the energy consumption. On the other
hand, the hydrolysis of S,05>" at higher temperatures gener-
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ates a large amount of H', making the reaction solution highly
acidic, posing a risk of partial Mn dissolution."*?” In addition,
in the hydrometallurgical process, H,O, predominantly acts as
a reducing agent, facilitating the dissolution of LiMn,O,
through the reduction of Mn*" to soluble Mn** species.’”
Therefore, developing a mild, efficient, and structurally preser-
ving delithiation method can contribute to the sustainable
utilization of lithium resources and solid wastes generated by
spent LIBs in a circular economy context.

In this study, we propose a sodium hypochlorite (NaClO)-
based delithiation approach that enables selective lithium
extraction while maintaining the spinel framework integrity.
As reported, NaClO works well across a wide range of pH at
ambient temperature.*®*° The Cl atom in NaCIO exists as CI",
a strong electrophile that can accept two electrons and even-
tually reduce to CI™.*' Furthermore, owing to its availability
and lower price than other oxidants such as the above-men-
tioned persulfate, NaClO is widely used as an oxidant in daily
life for sterilization and disinfection of drinking water.*>*?
More importantly, it is also effective at ambient temperature
without requiring additional energy input, unlike persulfate,
thereby offering a more controllable and energy-efficient
approach for delithiation. Herein, we systematically investi-
gated the performance of NaClO as an eluent for the selective
recovery of lithium from spinel LiMn,0,, with the aim of sim-
ultaneously achieve the preparation of useful A-MnO, under
mild experimental conditions. The influencing factors of solu-
tion pH, NaClO dose, and solid-to-liquid ratio were studied on
the lithium extraction process. In addition, the mechanisms
involved during NaClO-driven delithiation using spinel
LiMn,0, as target were investigated. Meanwhile, comparative
experiments were carried out using representative chemicals
typically used in traditional A-MnO, preparation (HCl and
Na,S,0g). In order to establish the capacity for lithium recov-
ery, lithium uptake performances of delithiated LiMn,O,
sourced from NaClO, HCIl, and Na,S,0g were assessed. In
addition, a life cycle and tech-economic assessment was per-
formed to provide a more comprehensive analysis of environ-
mental footprints and energy consumption, reagent usage.

2. Experimental
2.1 Materials and reagents

A commercial LiMn,O, cathode material was used in this
study, which contains around 4.0% Li, and 70.2% Mn as deter-
mined by ICP-OES. Other chemical reagents, including
sodium hypochlorite stock solution (NaClO with an initial
available chlorine content approximately 12%), hydrochloric
acid (HCl, 6 M and 1 M), sodium persulfate (Na,S,0s), lithium
chloride (LiCl) and lithium hydroxide monohydrate
(LiOH-H,0), were of analytical grade and were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). In
addition, all solutions were prepared with ultrapure water
(18.2 @M, 25 °C) sourced from a Millipore Milli-Q system
(Bedford, MA, USA).

This journal is © The Royal Society of Chemistry 2026
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2.2 Experimental procedure

2.2.1 Leaching experiment. All experiments were conducted
in a 100 mL glass beaker with a constant magnetic stirring rate to
ensure uniform mixing. Firstly, the effect of solution pH on
lithium extraction efficiency and Mn dissolution was studied. For
this purpose, 1.0 g of LiMn,O, cathode material were added into
the glass beaker containing a predetermined volume of ultrapure
water. Then, 4 mL of NaClO stock solution was added to the
mixed solution, and the pH was adjusted to the target value
using HCI (3, 4, 5, 6 and near-neutral (7-8)), marking the start of
the experiment. The final total liquid volume was constant at
50 mL. A pH meter was used to monitor the solution’s pH
throughout the process, ensuring it remained within +0.05 of the
predetermined value. At the specific time intervals (15, 30, 60,
120, 240 and 360 min), a fixed volume of the solution was
sampled and filtered through a 0.45 um Teflon syringe filter for
subsequent elemental analysis. In addition, other influencing
factors such as initial NaClO dosage and solid-liquid ratio were
also investigated following the same procedure. All the experi-
ments were conducted at room temperature (25 °C).

2.2.2 Lithium uptake experiment. Lithium uptake experi-
ments were conducted to evaluate the uptake properties of the
obtained delithiated LiMn,O, samples through different
methods. The lithium-containing solutions were prepared
using HCI, and LiCl and LiOH-H,O as the lithium sources.
50 mg of delithiated LiMn,0, were stirred in 50 mL of as-pre-
pared lithium-containing solution with a constant lithium con-
centration of 15 mM for 24 hours to investigate the effect of
solution pH on adsorption capacity. The solid-to-liquid ratio
was fixed to 1 g L™" for all experiments.

At the end of the experiment, solid-liquid separation was
performed using vacuum filtration. The solid residue was
thoroughly washed several times with ultrapure water and sub-
sequently subjected to vacuum freeze-drying. The resulting
solid was then used for further analysis.

2.3 Analytical method

2.3.1 Calculation method. The extraction efficiencies (E;) of
Li and Mn and the corresponding selectivity for lithium (SL) from
the pristine LiMn,0O, were calculated using eqn (1) and (2).***

m; XV

Ej=——— x 100% 1

T omx w% ¢ (1)
m

SL = — x 100%, (2)
dom

where m; is the concentration of element 7 in leachate, V is the
volume of leachate, m is the mass used in each leaching experi-
ment; w% is the mass fraction of metal in the pristine
LiMn,0,. In addition, m; is the concentration of lithium
leached from pristine LiMn,0,.

Besides, the lithium uptake capacity of delithiated LiMn,0,
was calculated by eqn (3)."

Qe :M (3)

m
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where Q. (mg g™') refer to the normalized equilibrium; C, is
the initial concentrations in solution; C. is the equilibrium
lithium concentration; V is the initial volume of solution, m (g)
is mass of delithiated LiMn,0, employed.

2.3.2 Material characterizations. Inductively coupled
plasma optical emission spectrometry (ICP-OES; ICAP 6000
Series, Thermo Fisher Scientific, Waltham, USA) was used to
determine the concentrations of Li and Mn in leachate. Crystal
structural evaluation of the commercial LiMn,O, upon delithia-
tion were recorded by X-ray diffraction (XRD; Smartlab, Rigaku,
Japan) with a Cu-Ka source operating at 40 kv and 15 mA. The
step size was 0.01° and the scan rate was 3° min~" in the 26 range
of 5°-80°. The morphological changes of the solid samples were
analyzed by field-emission scanning electron microscopy
(FESEM; JSM-6500F, JEOL, Japan). In addition, X-ray photo-
electron spectroscopy (XPS; JPS-9010MX, JEOL, Japan) and
nuclear magnetic resonance (NMR; JNM-ECA400, JEOL, Japan)
analyses were conducted to investigate the changes in the chemi-
cal environment induced by lithium removal. In addition, the
thermal behavior of pristine LiMn,O, and delithiated LiMn,0O,
samples were studied by thermogravimetry-differential thermal
analysis (TG-DTA; TG8120, Rigaku, Japan) with a heating rate of
10 °C min~" under a nitrogen gas flow, ranging from room temp-
erature to 800 °C.

3 Results and discussion
3.1 Lithium extraction from spinel LiMn,0, with NaClO

The variation of lithium extraction and Mn dissolution with
solution pH at a fixed initial NaClO volume fraction were first
investigated, and the corresponded results are depicted in
Fig. 1(a) and (b), respectively. As shown in Fig. 1(a), the extrac-
tion efficiency of lithium increased significantly with the
decrease of solution pH. In a circumneutral environment,
approximately 41.7% of lithium was extracted into the
aqueous solution. A significant increase in lithium extraction
efficiency was observed with the decrease in solution pH.
When the solution pH was reduced to 4, the lithium extraction
efficiency significantly increased to about 99.3% after 6 hours
of leaching, with no significant Mn dissolution occurring
(Fig. 1(b)). Further decreasing the solution pH to 3 led to a
lithium extraction efficiency comparable to the one achieved at
pH = 4 but within a significantly shorter duration of just
2 hours. However, this also resulted in the Mn dissolution of
1.62%, as highlighted in Fig. 1(b). This means that excess HCI
in the solution will cause structural Mn to dissolve.*®
Therefore, to achieve a high lithium leaching efficiency while
preventing Mn loss, the solution pH should be carefully con-
trolled at pH = 4. If not properly controlled, the Mn in the
LiMn,O, material will be dissolved into Mn>*' and sub-
sequently will likely undergo a structural change due to the
presence of strong oxidants such as HOCI, turning into other
types of Mn oxides such as birnessite that precipitate on the
surface. Such phenomenon was observed in the case of
Na,S,0s, as discussed in Section 3.3 of this study.
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Fig. 1 The effect of different factors influencing lithium extraction efficiency: (a) different solution pHs and (b) the corresponding Mn dissolution
(conditions: 20 g L™* of solid-to-liquid ratio, 8% of initial NaClO volume fraction, 25 °C, 6 hours); (c) initial volume fraction of NaClO (conditions:
20 g L™! of solid-to-liquid ratio, 25 °C, 6 hours), and (d) solid-to-liquid ratio (conditions: 8% of initial NaClO volume fraction, 25 °C, 6 hours).

Moreover, as illustrated in Fig. 1(c), at a constant solution
pH of 4, the lithium extraction efficiencies all exceed 90.0%
within the pre-determined initial NaClO dosage range of 6-9
vol%. The lithium extraction efficiency increases gradually and
reaches 99.3% with the increasing initial volume fraction of
NaClO equal to 8%. With a further increase in the initial
volume fraction of NaClO to 9%, the extraction efficiency of
lithium did not show a meaningful increase. For comparison,
an experiment was performed at pH = 4 in the absence of
NaClO. As presented in Fig. Si(a), the lithium extraction
efficiency decreased to around 49.2%, accompanied by a Mn
dissolution rate of 10.5%. This indicates the dual role of
NaClO as suppressing Mn dissolution while facilitating
lithium extraction as well. In addition to the above factors, the
solid-liquid ratio is also an important factor affecting the
lithium extraction process. As shown in Fig. 1(d), when the

354 | Green Chem., 2026, 28, 351-364

solid-to-liquid ratio is increased to 30 g L™", the lithium leach-
ing efficiency decreases to 82.4% due to the rapid consump-
tion of NaClO, which leads to a decrease in the oxidation
capacity of the solution. Moreover, the reduced contact oppor-
tunities between solid particles and the reaction solution
caused by the higher solid-to-liquid ratio will also have a sig-
nificant negative impact on the lithium extraction efficiency.**

Based on the observations above, the following experi-
mental conditions were selected for subsequent experiments
to explore the delithiation mechanisms involved when using
NaClIO as an oxidant: a solid-to-liquid ratio of 20 g L™, an
initial NaClO volume fraction of 8%, a solution pH of 4, a
leaching temperature of 25 °C, and a reaction time of 6 hours.
Theoretical calculations (based on available chlorine, which
refers to chlorine equivalent) indicate that the residual oxidant

concentration in the solution is approximately 0.64%,

This journal is © The Royal Society of Chemistry 2026
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suggesting that more than half of the NaClO remains in the
leachate. As shown in Fig. S2, under the selected experimental
condition, the obtained delithiated LiMn,0O, exhibits a
reddish-brown color that is significantly different from the
black pristine LiMn,O,.

3.2 Mechanistic elucidation of NaClO-driven lithium
extraction from LiMn,O,

3.2.1 Actions of NaClO in the lithium extraction process.
To gain a better understanding of the species present in
aqueous solution as a function of solution pH and redox
potential, Pourbaix plots were created by SPANA (formerly
MEDUSA) software.”” Fig. 2(a), (b) and Fig. S3 shows the Ey,-pH
diagrams of Mn-H,0, Li-H,0, and Cl-H,O, respectively. The
E,-pH diagram in Fig. 2(a) reveals that Mn®* can be oxidized to
Mn*" over a broad pH range of NaClO-containing solutions.
Simultaneously, lithium is stable in the aqueous solution as
Li" ions until pH > 13.5 (Fig. 2(b)). From this perspective, Li
[Mn**Mn*"]O, can be transformed into [Mn**]O, under near-
neutral conditions (pH = 7-8), possibly resulting in lithium
being simultaneously released into the surrounding aqueous
media to maintain the electrical neutrality of the delithiated
particles.*>*®*° However, the fact is that only 41.7% of lithium
was extracted, as shown in Fig. 1(a). This could occur because
lithium ions are bound rather strongly to the spinel LiMn,0,
structure, as it has been reported that lithium ions are con-
strained within the tetrahedral cages with a deep site energy,
endowing LiMn,0,4-based LIBs with higher operating voltage
(above 4 V).>***' Another possible reason is the increased
migration path length, which requires lithium ions in the bulk
phase to overcome a higher energy barrier compared to those
on the surface or subsurface regions for extraction. In chemi-
cal oxidative lithium extraction, this is analogous to the oxidiz-
ing power of the reaction solution, which acts as the driving
force for lithium extraction.®*° Therefore, the oxidizing power

(a) 2.0

Eh (volts)

0 2 4 6 8 10 12 14
pH
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provided by the chosen oxidant to overcome the energy barrier
plays a crucial role in determining the efficiency of lithium
extraction.

The chlorine speciation of NaClO in aqueous solution is
strongly pH-dependent.>**"** As shown in eqn (4)-(6) and
Fig. S3, the main chlorine species, Cl,, HOCI, and OCI™, exist
in equilibrium depending on the solution pH. Around neutral
pH, HOCI and OCI™ are the dominant species. As the pH
decreases, HOCI becomes predominant, and at even lower pH
values (below 3.33), Cl, starts to form. Because HOCI has a
higher redox potential (E°(HOCI/CI”) = +1.49 V) than both
OCI™ and Cl,, the oxidation ability of NaClO solution increases
as the proportion of HOCI rises.*’ Moderate acidification (pH
~ 4) therefore enhances lithium extraction from LiMn,0O,, as
the stronger oxidative power of HOCI facilitates lithium
removal from the spinel lattice. However, excessive acidifica-
tion produces Cl, gas, which is toxic and corrosive,*>*! and
also promotes Mn dissolution through H' attack. Hence,
maintaining the solution near pH = 4 provides an optimal
balance between oxidation strength and structural stability of
LiMn,0,. In this case, HOCI serves as the main oxidizing
species, promoting the extraction of lithium from the solid
phase into solution while minimizing Cl, evolution. In
addition, reducing the solid-to-liquid ratio to 15 g L™", while
maintaining a lithium extraction efficiency comparable to that
at 20 g L™ (as shown in Fig. S1(b), with an efficiency of about
98.7%), extends the operable pH range to 4.5, thereby further
minimizing the likelihood of Cl, evolution. Furthermore,
NaClO can be safely handled through closed circulation and
storage systems to minimize volatilization and operator
exposure. Continuous pH monitoring and automated alkali
dosing can also be employed to maintain the solution within a
mildly acidic range (around pH range of between 4 to 4.5),
effectively suppressing Cl, generation. In addition, pretreat-
ment processes such as particle size reduction (e.g., ball

(b) 2.0
15: LiOH
1 e *
05| B

Eh(volts)
[—J
>
T
]
1

pH

Fig. 2 E,-pH diagram for the (a) Mn—H,O system and (b) Li—H,O system (T = 298.15 K, the molar concentration of Mn and Li was fixed at 1 x 1073

mol L' and 0.1 mol L™, respectively).
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milling) may further broaden the operating pH window and
enhance process stability.

NaClO — Na® + OCl~ (E°(CIO~/CI”) = +0.89 V vs. SHE)

(4)
OCl™ + H,0 — HOCI + OH~ )
(E°(HOCL/CI™) = +1.49Vvs. SHE, pK, = 7.60)
HOCl + H" + CI™ — Cl, + H,0 ©)
(E°(Cl,/Cl7) = +1.36 Vvs. SHE, pK, = 3.33)
3.2.2 Characterizations of delithiated LiMn,0, with

NaClO. The changes in morphology due to the NaClO-driven
delithiation at pH = 4 were studied by FE-SEM. Fig. 3 displays
the micrographs of pristine LiMn,O, and NaClO-derived
delithiated LiMn,0, sample at the selected experimental con-
ditions. The pristine LiMn,0, particles exhibit smooth sur-
faces with a well-defined facet (Fig. 3(a)). As shown in Fig. 3(b),
the delithiated particles largely retained their original shape
and smooth surface. However, a few irregularly shaped par-
ticles with wrinkled surfaces were observed (Fig. 3(b-2)), indi-
cating the occurrence of localized surface damage induced by
H' attack. This suggests that a small amount of Mn was
initially dissolved in the weakly acidic environment but was
rapidly oxidized and subsequently precipitated as a solid.
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To investigate the structural changes during lithium extrac-
tion, a representation approach for lithium content within the
host structure was employed. This approach consists in repre-
senting the crystal structure with the simplified formula
Li,Mn,0,, where the subscript x is a calculated value from the
ICP-OES results, indicating the average lithium content
remaining in delithiated material after leaching, and can take
values in the range 0 < x < 1.>7>* Therefore, samples with
varying lithium contents were prepared under the selected
experimental conditions (initial NaClO volume fraction of 8%,
20 g L™" of solid-to-liquid ratio, pH = 4, 6 hours, a leaching
temperature of 25 °C). The XRD patterns of these samples
were subsequently collected and are shown in Fig. 4(a).
Moreover, the variation of cell parameter @ in Li,Mn,0, was
calculated derived from the (400) peak, as its behavior closely
correlates with the lithium extraction process,” the corres-
ponding results are summarized in Table S1. As clearly shown
in Fig. 4(a), the XRD pattern changes of LiMn,0, during the
delithiation process proceeds through two stages.’>**°> In the
initial stage of lithium extraction (x < 0.43 in Li,Mn,0,),
corresponding to a single-phase region, the diffraction peaks
shifted gradually toward higher 26 angles. This shift is attribu-
ted to the isotropic contraction of the unit cell, resulting from
the topotactic extraction of lithium from the LiMn,O, crystal
structure. During this stage, the lattice parameter a decreased
from 8.25 A in pristine LiMn,O, to 8.15 A and stabilizes at this
value in the subsequent delithiation process, as shown in

(

100 nm

Fig. 3 Surface morphology changes of (a) pristine LiMn,O,4 and (b) NaClO-derived delithiated LiMn,O,4 sample at the selected leaching conditions.
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Table S1. In contrast to the first stage, the second stage corres-
ponds to the coexistence of two phases. At x = 0.3 in Li,Mn,O,,
the diffraction peaks were clearly split, as shown in the
enlarged 20 ranges of 17.5-19.5° and 43-46° in Fig. 4(a). After
that, as the lithium content in Li,Mn,0, further decreases, the
intensities of the newly split peaks progressively increase,
while the original shifted peaks diminish. Eventually, the diffr-
action pattern evolved into a single-phase structure with a
lattice parameter a’ = 8.045 A, consistent with previous reports
on lithium extracted electrochemically from LiMn,0,.>>® The
final phase was indexed to spinel A-MnO, (PDF card no: 00-
044-0992), whose structure retains lithium vacancies that only
allow lithium and hydrogen ions to enter.

View Article Online
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In addition, "Li MAS NMR spectroscopy and XPS were per-
formed to get an insight on the local environment changes in
the LiMn,0, structure as a function of delithiation, as pre-
sented in Fig. 4(b) and (c). In the cases of pristine LiMn,0,
and Lig43Mn,0,, their 'Li MAS NMR spectra exhibit promi-
nent spinning sideband manifolds. For the pristine LiMn,0,
sample, its spectrum is dominated by a major resonance at
around 520 ppm, corresponding to lithium ions occupying the
tetrahedral sites, with an average Mn oxidation state of
+3.5.>%°7°8 Ag lithium is extracted, the "Li MAS NMR spectrum
of Liy 43Mn,0, shifts toward a more positive value, as shown in
Fig. 4(b), indicating an increase in the proportion of Mn*" in
the delithiated particles.>® Meanwhile, the 'Li MAS NMR
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Fig. 4 (a) X-ray diffraction patterns, (b) Li MAS NMR spectra, and (c) high-resolution O 1s XPS spectra collected from Li,Mn,O,4 with different

lithium contents.
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spectra intensity gradually weakened with decreasing lithium
content and finally became undetectable after 6 hours of
leaching. This further evidenced by the evolution of high-
resolution O 1s XPS spectra. As illustrated in Fig. 4(c), the
main peak of O 1s XPS spectra, initially located at approxi-
mately 529.8 eV, progressively shifts to higher binding energies
as lithium extraction proceeds. This shift reflects changes in
the chemical environment of oxygen, attributed to the oxi-
dation of Mn** caused by lithium extraction.>” The evolution
of average Mn oxidation state during NaClO-driven delithiation
process was thoroughly investigated using Mn 3p and Mn 3s
XPS spectra to get deeper understanding, and the results are
shown in Fig. 5. In addition, the average oxidation state (AOS)
of Mn was calculated using eqn (7).>°°"

AOS = 8.956 — 1.126 x AE (eV) 7)
where, AE; refers to the magnitude of the Mn 3s peak splitting,
and the corresponded results are summarized in Table 1. As
depicted in Fig. 5(a), the high-resolution Mn 3p XPS spectra
can be deconvoluted into two components: Mn(v) (~50.4 eV)
and Mn(m) (~48.8 €V).*> Upon delithiation, the Mn*" content
in the delithiated samples gradually increases, while Mn>" cor-
respondingly decreases. This is evidenced by the multiple
splitting of Mn 3s as shown in Fig. 5(b) and Table 1, where the
values of AEg decreases, indicating an increase in the AOS of
Mn in the delithiated LiMn,0, samples, consistent with the

Pristine LiMn

0,

x=0.43

x =0.30

Intensity (a.u.)

x=0.11

58 56 54 52 50 48 46
Binding energy (eV)
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Table 1 Changes in the AOS of Mn upon delithiation

Samples AE, AOS

Pristine LiMn,O, 4.8507 3.494
x=0.43 4.6018 3.774
x=0.30 4.5379 3.846
x=0.11 4.4705 3.922
x~ 0.0 4.4214 3.978

results revealed by both “Li MAS NMR and O 1s XPS analyses.
In addition, it is noteworthy that a high-resolution Li 1s XPS
signal centered at around 54 eV was observed for the pristine
LiMn,0, sample, which is close to the Mn 3p peak.’*®* As the
lithium content decreases, the intensity of the high-resolution
XPS Li 1s signal gradually weakens and ultimately disappears.
This indicates the progressive depletion of lithium in the
surface region of delithiated particles, aligning with the
changes in the average oxidation state of Mn and the structural
changes detected through XRD.

Fig. 6(a) shows the TG-DTA curves for pristine LiMn,0, and
NaClO-derived delithiated LiMn,O, after 6 hours of leaching
under the selected leaching condition. The pristine LiMn,0,
almost remains stable until to around 600 °C. In contrast, as
shown in the TG curve of NaClO-derived delithiated LiMn,O,
sample, the weight loss can be divided into two stages occur-
ring in the low temperature region (below 300 °C) and high

Intensity (a.u.)

94 92 90 88 86 84 82 80 78 76

Binding energy (eV)

Fig. 5 High-resolution XPS spectra of (a) Mn 3p and (b) Mn 3s collected from Li,Mn,O,4 with different lithium contents.
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Fig. 6 (a) TG-DTA curves of the pristine LiMn,O, (black line) and NaClO-derived delithiated LiMn,O, (red line); (b) the influence of pH on the Li*

adsorption behaviors of NaClO-derived LiMn,O, (experimental conditions: 1 g L™ of solid-to-liquid ratio, 15 mM of Li*, 25 °C, 24 hours).

temperature region (300-600 °C). In the low temperature
region, a slight weight loss started from room temperature to
below 150 °C, possibly owing to the evaporation of physically
absorbed water on the surface of delithiated particles.
Moreover, a broad exothermic peak was observed at approxi-
mately 250 °C, which corresponds to the phase transformation
from spinel A-MnO, to B-MnO, at higher temperatures.>®*
When increasing the treatment temperature above 350 °C, a
remarkable weight loss was observed. The endothermic peaks
observed in the 500-600 °C range are thought to result from
the transition of p-MnO, to Mn,O; by the reduction of Mn*" in

the N, atmosphere.”®?
Importantly, the weight loss (approximately 0.15%)
observed in the TG curve of NaClO-derived delithiated

LiMn,0, sample at 150-300 °C can be ascribed to the presence
of lattice protons in the delithiated sample.’”** In order to
further verify whether H' exists in the NaClO-derived
delithiated LiMn,0, particles, lithium uptake experiments
were performed at different solution pHs. Earlier studies have
suggested that lithium ions can be inserted into the lithium
vacancies formed by redox reaction only under alkaline con-
ditions, whereas lithium uptake in OH -free solutions can
occur solely through a H'/Li* ion-exchange reaction.”’ As
depicted in Fig. 6(b), the NaClO-derived delithiated LiMn,0,
sample demonstrated a relatively low lithium uptake capacity
of only 0.39 mg g~' in a pure LiCl solution. In contrast, the
lithium uptake capacity of the NaClO-derived delithiated
LiMn,0, sample significantly increased when the solution pH
was raised, ultimately reaching 23.84 mg g~ in a pure LiOH
solution, which is equivalent to around 60.02% of the theore-
tical maximum lithium adsorption capacity of the NaClO-
derived delithiated LiMn,O,. There are many factors that limit
the further entry of lithium into the de-lithiated LiMn,O,,
such as the initial pH value of the solution and the reaction

This journal is © The Royal Society of Chemistry 2026

temperature, etc. For example, increasing the reaction tempera-
ture of the solution can effectively improve the adsorption per-
formance of delithiated LiMn,0,.**

Combined with the solid analysis presented in Fig. S4 and
S5 in the SI, it is postulated that NaClO-driven lithium extrac-
tion from LiMn,0, at pH = 4 involves two reactions: redox reac-
tion and Li"/H" ion-exchange reaction, as described in eqn (8)
and (9).

Redox pathway (major):

LiMn""Mn"]O, +y/2HCIO — Li; y[Mn;", Mn;" ]O,
+yLit +y/20H +y/2C1"
(8)

Ion-exchange pathway (minor):

LiMn™Mn"]0, + zH" — Li; _,H,[Mn"™Mn"]O, + zLi"

(9)

where O refers the lithium vacancies after lithium removal; y, z
is the extracted lithium amount from pristine LiMn,0,
through redox reaction and ion-exchange reaction, respectively.
Under the action of NaClO at pH = 4, the redox mechanism
associated with the oxidation of Mn*" to Mn*" dominates
lithium extraction process, converting LiMn,0, to A-MnO,. In
addition, the ion-exchange mechanism, where Li" ions are
replaced by H' from the acidic solution, also occurs but makes
a minor contribution to the overall lithium extraction. Notably,
the ion exchange reaction does not lead to changes in Mn oxi-
dation state, which is consistent with the statistical results pre-
sented in Table 1.

3.3 Comparison with other methods for preparing spinel
A-MnO,

As mentioned above, there are two primary methods for pre-
paring A-MnO, (delithiated LiMn,0,) using spinel LiMn,0, as

Green Chem., 2026, 28, 351-364 | 359


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc04585a

Open Access Article. Published on 26 November 2025. Downloaded on 2/3/2026 7:30:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

a precursor: acid treatment and oxidant treatment, with the
latter typically involving persulfate use, as listed in Table S2.
Clearly, acid treatment (e.g., using HCl, HNO;, or H,SO,) can
achieve efficient lithium extraction under strongly acidic con-
ditions (typically at pH < 1), but it results in more than 20% of
Mn loss. Oxidant-based methods using persulfates such as
Na,S,03 or (NH,),S,03 generally require elevated temperatures
(typically 80-90 °C). In contrast, the NaClO-based oxidation
route overcomes these limitations, enabling efficient lithium
extraction without Mn loss under ambient temperature and
mildly acidic conditions. To further emphasize the advantages
of the method proposed in this study, lithium extraction
experiments were conducted using representative reaction con-
ditions commonly used in previous studies; that is, 0.5 M HCI
and 0.2 M Na,S,0s, respectively. The other experimental con-
ditions were the same as our study (i.e., a solid-to-liquid ratio
of 20 g L' and a reaction duration of 6 hours). Moreover,
experiments of lithium extraction with Na,S,05 were per-
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99.75%

© ity
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Leaching efficiency (%)

(@) (b) (c)
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formed at different reaction temperatures (room temperature
(T=25°C), T=45°C and T > 80 °C).

As demonstrated in Fig. 7(a), almost all lithium can be
extracted using 0.5 M HCI at T = 25 °C; however, this was
accompanied by a significant Mn loss from the LiMn,0, struc-
ture equal to 23.8%. The molar ratio of Li* to Mn*>" in the lea-
chate was calculated to be approximately 2 : 1, which is in good
agreement with the observations at pH = 4 in the absence of
NaClO. This indicates that lithium extraction in acidic solu-
tions without oxidants mainly occurs through the dispropor-
tionation reaction of Mn** to Mn** and Mn**. The Mn** enters
the acidic solution, while Mn** remains in the solid framework
in the form of A-MnO,, as evidenced by the XRD results shown
in Fig. S6. The corresponding reaction can be described as eqn
(10).>° Correspondingly, as shown in Fig. 7(b)-(A-1) and (A-2),
HCl-treated LiMn,0O, particles lost their original smooth
surface and well-defined facets, instead resulting in particles
filled with pores and cracks due to the partial dissolution of

(b)

100 nm

100 nm

100 ) nm

1 2 3 4 5

Cycle numbers

(a) Leaching efficiencies of Li and Mn from LiMn,O,4 using HCl and Na,S,Og; (b) surface morphology changes of the obtained delithiated

LiMn,O4 samples by (A) 0.5 M HCl and (B) 0.2 M Na,S,0g at T > 80 °C; (c) time-dependent lithium uptake process using NaClO-derived A-MnO, as
sample (experimental conditions: 1 g L™ of solid-to-liquid ratio, 15 mM of Li*, 25 °C, 24 hours, initial solution pH = 12.07); (d) cyclic performance of
the NaClO-derived A-MnO, (experimental conditions: 1 g L™* of solid-to-liquid ratio, 15 mM of Li*, 25 °C, 2 hours, initial solution pH = 12.07).
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Mn from parent LiMn,0O,, which eventually fractured into
smaller particles.

2LiMn, 0, + 4H" — 2Li" + Mn?t 4 2H,0 + 3A-MnO,  (10)

In contrast to NaClO and HCI, Na,S,0g-based oxidative
delithiation shows poor activity at low temperatures. As shown
in Fig. 7(a), only 9.12% of lithium was removed from LiMn,0,
at room temperature. Increasing the temperature to 45 °C
improved Li extraction to 16.5%, but also raised the Mn dis-
solution rate from 0.03% to 0.17%. The leachate turned black
after standing overnight, indicating the presence and sub-
sequent oxidation of Mn>" species. When the temperature
exceeded 80 °C, lithium extraction reached a level comparable
to 0.5 M HCI treatment, while the leachate became highly
acidic (pH = 1.07) with a pale pink hue, suggesting trace for-
mation of MnO,~ (<0.05 ppm). These observations highlight
the strong temperature dependence of Na,S,0g oxidation. As
temperature increases, the hydrolysis of S,04>" accelerates,
generating ‘OH and SO, radicals (eqn (11) and (12))*”** that
enhance lithium extraction. However, SO, ~ also promotes H"
and H,0, formation (eqn (13) and (14)), which leads to acid-
driven Mn dissolution.'**%*” At temperatures above 80 °C,
H,0, decomposes rapidly (eqn (15)), effectively suppressing
Mn loss,"*?” as confirmed by the ICP-OES data in Fig. 7(a).

$,05%" — 280,"~ (11)
SO,"~ + H,0 — "OH + HSO,~ (12)
SO;'~ 4+ 2H,0 — SO,%” + 2H" + H,0, (13)

2LiMn,04 + 10H" + H,0, — 4Mn>*" + 2Li" + 6H,0 + 20,
(14)

2H202 — ZHzo + 02 (15)

Consistent with the above observations, the XRD pattern of
the Na,S,04-treated samples shows (Fig. S6), in addition to the
characteristic reflections of A-MnO,, an additional diffraction
peak at around 26 = 12°, indicating the formation of a new
phase. Similar features have been reported in previous
studies'®***” and is identified here as Nag 36,MnO,(H,0)o.54
(PDF 01-072-6745), a birnessite-type compound. The corres-
ponding morphological evolution, shown in Fig. 7(b)-(B-1) and
(B-2), further corroborates this phase transformation. The dis-
solved Mn** species are rapidly re-oxidized by strong oxidizing
radicals (SO,”~ and °'OH) to form birnessite-like Mn
oxides.*"%*%® Such secondary reactions alter the surface chem-
istry of the resulting A-MnO, and ultimately impair its lithium
re-insertion capability.®”

As shown in Fig. S7, when compared with the A-MnO,
samples sourced from NaClO and HCI, Na,S,0s-derived
A-MnO, sample exhibited a reduced lithium uptake of
20.55 mg g~ in pure LiOH solution. This decrease may be due
to the presence of a birnessite-like phase on the surface of the
resulting A-MnO, particles would hinder direct contact
between the A-MnO, particles and the reaction solution, limit-
ing lithium uptake. In addition, the cyclic performance of the

This journal is © The Royal Society of Chemistry 2026
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NaClO-derived A-MnO, was evaluated through repeated
adsorption-desorption tests, during which the variations in
lithium uptake capacity and Mn dissolution were systemati-
cally monitored in a pure LiOH solution. Prior to these tests, a
24-hour time-dependent lithium uptake experiment was con-
ducted to determine the adsorption equilibrium point, as
shown in Fig. 7(c). The results indicate that equilibrium was
achieved within 2 hours; therefore, the adsorption duration in
subsequent cycling tests was fixed at 2 hours. As presented in
Fig. 7(d), the lithium uptake capacity remained as high as
89.9%, decreasing only slightly from 23.46 to 21.11 mg g '
after five cycles. Meanwhile, negligible Mn dissolution was
detected. The minor capacity loss can be attributed to lattice
contraction and expansion during repeated adsorption-de-
sorption processes, which generate mechanical stress and
gradually cause structural deformation or partial collapse of
the three-dimensional lithium channels.

3.4 Life cycle and techno-economic assessments

A simplified flowchart of the three methods is presented in
Fig. S8. To assess the environmental sustainability of the pro-
posed method in this study, a comparative life cycle assessment
(LCA) was conducted against the HCl- and Na,S,0g-based
(>80 °C) processes. For comparison, 1 kg of commercial
LiMn,0O, was selected as the functional unit, and the corres-
ponding material flows for the three processing routes are sum-
marized in Table S3. The LCA was conducted using openLCA in
combination with the Ecoinvent 3.10 database, and the result-
ing environmental indicators are presented in Table S4. In paral-
lel, a techno-economic evaluation was performed to assess and
compare the total costs of the three processing routes, thereby
providing insight into their respective economic feasibility, as
shown in Table S5. Furthermore, these three methods were com-
paratively analyzed in terms of energy and water consumption,
A-MnO, yield, and downstream treatment with the goal of
lithium recovery, enabling a holistic assessment of both environ-
mental and economic performance.

Fig. 8(a) presents a visual comparison of the overall environ-
mental impacts of the HCIl, Na,S,0g-, and NaClO-based
delithiation processes. The cumulative impacts related to
ozone layer depletion and eutrophication were negligible
across all processing routes, rendering a reliable comparison
impractical. Therefore, these two categories were excluded
from further analysis. Overall, the Na,S,0g-based process exhi-
bits the highest environmental burdens among the three
routes. In detail, compared with the traditional acid treatment,
the NaClO-based process demonstrates markedly lower
impacts in human toxicity and freshwater aquatic ecotoxicity.
As both are oxidative delithiation, the NaClO-based process is
significantly superior to Na,S,0g in terms of key indicators
shown in Fig. 8(a). In addition, Fig. 8(b) and Fig. S9(a)-(c)
present a comprehensive comparison from a techno-economic
perspective. Specifically, the total processing cost of the pro-
posed NaClO-based route is slightly lower than that of the
HCl-based process, achieving a cost reduction of $2.07 per kg
of feedstock, and accounts for only 45.8% of the cost of the
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Na,S,0s-based route. In contrast, the traditional acid leaching
method performs the poorest in terms of A-MnO, yield
(Fig. S9(b)). Even worse, its extensive dissolution of Mn leads
to poor lithium selectivity (Fig. S9(c)). This necessitates an
additional Mn precipitation—filtration step in the subsequent
lithium recovery process, which inevitably causes lithium loss
and reduces the purity of the recovered lithium product.
Consequently, further purification steps are needed, increasing
both energy and reagent consumption (e.g., NaOH).

4 Conclusions

This study demonstrates that NaClO is an effective and sus-
tainable oxidant for the selective extraction of lithium from
spinel LiMn,0, under mild conditions (room temperature, pH
= 4). The extraction efficiency reached 99.3% within 6 hours
without Mn loss, primarily driven by Mn®" oxidation and H"*/
Li" ion exchange. Unlike HCl or Na,S,0y treatments, the
NaClO process causes negligible structural damage to
LiMn,0,, owing to its weaker acidity and tunable oxidizing
strength. From an environmental and techno-economic per-
spective, the NaClO-based oxidative delithiation route per-
forms markedly better than that of Na,S,0g oxidation, while
costing only about 45.8% as much. From a standalone process
perspective, the NaClO-based route shows slightly higher
impacts than the conventional acid leaching method in some
environmental categories; however, it offers pronounced
advantages during the subsequent treatment stages. For future
scale-up, the proposed method in this study still faces several
challenges due to rigid infrastructure and market immaturity,
particularly in NaClIO handling in bulk, pH control in continu-
ous processes, risk of Cl, evolution. Lowering the solid-to-
liquid ratio or introducing a pretreatment step, such as ball
milling to reduce particle size, may help raise the solution pH
to a higher level, thereby effectively suppressing Cl, formation
and enhancing operational safety.
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