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This work reports the oxidative breakdown of the LiMn,O4 struc-
ture using alkaline hypochlorite, as a method for recovering both
lithium and manganese species. The heterogeneous dissolution rate
for this process is monitored through the formation of the perman-
ganate ion. It is found that reaction occurs under activation control,
with a barrier that matches that for electron hopping within the
spinel. Moreover, this activation barrier is smaller than those
observed for typical conventional methods of recovery of lithium
or manganese from LiMn,O,4; accordingly, the new process is
suggested to be climate-smart, despite the low, single-pass, recovery
efficiency that results from slow surface kinetics.

The transition to the wide-scale deployment of renewable
energy holds a plethora of challenges associated with technical,
environmental, societal and governance aspects. Since this
clean energy transition is mineral-intensive,"? it requires a
substantial material footprint, even though the overall amount
of greenhouse gas emissions is lower than those associated
with the use of fossil fuels." Accordingly, many mineral com-
modities are labelled as “critical” - their economic importance
and supply risk both exceed certain thresholds.>”” However, it
is also recognised that supply risk to a particular country is
extremely sensitive to the global market conditions, especially
when there is little access to indigenous sources of specific
minerals at economically viable grades.*'® For example, the
USA is wholly reliant on imports for their manganese supply*" -
a key metal chiefly used as a deoxidiser and desulphuriser in
steel manufacture,'® and thus impacts on the infrastructure for
low-carbon energy technologies (wind, hydroelectric, geothermal
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power).">* The current instabilities in Eastern Europe, where
Ukraine and Georgia typically contribute ca. 4% of world pro-
duction (ore or concentrate) of manganese, but hold at least ca.
10% of identified world manganese reserves,'> may cause eco-
nomic stress in the global manganese supply.'* Likewise,
mineral flow analysis indicates that the EU and the UK (notwith-
standing current explorations in South-West England'’) obtain
the majority of their lithium products, required for battery-based
energy storage, from China."®'” This promotes the development
of ambitious, industrial recycling programmes, particularly of
lithium batteries,"®'® where a number of routes have been
proposed for lithium battery cathodes, including pyrometallur-
gical or hydrometallurgical recovery,>® solvent extraction,”’ or
electrochemical®® and direct recycling.”* However, environmen-
tally responsible resource recovery and recycling encourages
innovation in ‘“climate-smart” pathways, which use lower
amounts of energy and/or water than current practices."*

One way to achieve climate-smart “urban mining”’* is through
the development of chemical leaching processes that require a
lower activation energy than alternatives. This requires knowledge
of the dissolution kinetics and the identification as to whether
leaching operates under activation or mass transfer control. This
is important since, if limited by slow mass transfer, the stirring
rate of mineral concentrates/powders in the lixiviant will enable
faster dissolution; whereas, if the heterogeneous chemical reac-
tion determines the rate of dissolution, the process can capitalise
on faster dissolution rates at high temperatures, or smaller
particle sizes (larger interfacial areas). It follows that monitoring
the kinetics with temperature empowers the determination of
the activation energy of the dissolution: this is typically ca. 8-
17 kJ mol " for diffusion control, and greater than 42 kJ mol ™" for
chemical control.*®

In this communication, following our earlier work on the
redox removal of iron and manganese impurities in slaked lime
using alkaline hypochlorite,”” we report a redox method for
breaking down the framework of lithium managnospinel,
LiMn,0, - a material used as a lithium-ion battery cathode.'**
This enables the solubilisation of both lithium and manganese as
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a pathway for total recovery, rather than merely recovery of one
species, with the remainder being used for direct recycling.
We focus on the initial dissolution kinetics, since our previous
work has illustrated how such initial kinetics can be maintained
in a “cascading” mineral processing flowsheet.”” Moreover, this
enables the unravelling of the activation energy required for the
dissolution - for reactions under activation control, the lower this
is, compared with conventional, reductive acidic Ieachingzs of
LiMn,0,, the more climate-smart the recovery process becomes,
assuming all other variables (such as leaching time) remain
constant.

Lithium manganospinel (LiMn,0O,) has a normal spinel
structure (space group Fd3m) with a cubic close-packed oxide
lattice, with manganese in the half of the octahedral positions,
and lithium in an eighth of the tetrahedral holes.***® The
manganese is present as both Mn™ and Mn", with the former
species (high-spin d*) undergoing a co-operative Jahn-Teller
distortion, yielding a tetragonal elongation at low temperature,
that is noticeable through a first-order phase change around
ambient temperature,®> and which also occurs on increasing
lithiation.>*! In operation as a battery cathode,*® since LiMn,0,
carries DC current through Mn™/Mn" electron hopping,*"*> the
expansion and contraction in the lattice, through the Jahn-Teller
distortion, can lead to stress-induced cracking, particularly at high
current drain.*® Furthermore, it is thought** that Mn™ dispropor-
tionates to Mn" and Mn", which gives rise to the well-known
capacity-fade (“aging”) of this battery material,”® as the Mn"
species dissolves in the electrolyte.>® This dissolution process is
controlled by surface kinetics, and is faster for smaller particles.””
It occurs with an activation energy of ca. 70 k] mol " (for LiMn,0,
dissolution into a 50: 50 vol% solution of ethylene carbonate and
dimethylene carbonate containing 1.0 M LiPFg).”” This activation
energy is larger than that required for Mn>* dissolution using SO,
to reduce MnOOH (16-65 kJ mol ") under ambient conditions,*®
but comparable with those required for dissolution from manga-
nese oxides by sulfuric acid:** 68 + 2 k] mol ' (MnO), 80 +
2 k] mol™" (Mn;0,), 86 = 2 k] mol~* (Mn,0;) and 90 & 2 k] mol "
(MnO,). 1t is noteworthy that LeBlanc and Fogler*® observed that
manganese dissolution from this oxide series using mineral
haloacids is more rapid, as the overall manganese oxidation state
is lowered, with MnO dissolution having sufficiently low activa-
tion energies (ca. 18-20 k] mol ") for the chemical dissolution to
be mass-transfer controlled, with reductive dissolution of the
higher oxidation states requiring activation energies of between
ca. 18-97 k] mol . Furthermore, for Mn;0,, the activation energy
for manganese dissolution as MnO,~ determined by our previous
work using alkaline hypochlorite*” is ca. 40% smaller than that
reported for sulfuric acid above. Given, the Pourbaix diagram for
LiMn,0, indicates® its stability above ca. pH 12 (at 90 °C), this
encourages the examination of the possibility of manganese
(and therefore lithium) dissolution from LiMn,O, under similar
conditions.

Incubation of LiMn,0, (325 mesh, corresponding to parti-
cles of diameter ca. 44 pm) with alkaline hypochlorite (8%) at
ambient temperature overnight furnished a pale pink super-
natant, with a UV-visible absorption spectrum indicating the
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formation of permanganate (for experimental details, see the
ESIL, T ESI1). As discussed in ESI2 (ESI), this is consistent with
the following overall process, where de-lithiation occurs with
the breakdown of the manganese oxide framework.
2LiMn,04(s) + 7Cl0 " (aq) + 20H (aq)
— 2Li'(aq) + 4MnO, (aq) + 7Cl~ + H,0(l) (4)

At pH 14, the standard electrode potential for the CIO™/C1™
redox couple is +0.89 V vs. the standard hydrogen electrode
(SHE).** The oxidative de-lithiation of LiMn,0,, (eqn (B)) has

been reported to require similar potentials in lithium-based
supporting electrolytes:*>™*>

LiMn,0,(s) — xLi'(aq) + xe™ + Li;_,Mn,04(s) (B)

However, this reaction requires much higher potentials in
sodium hydroxide electrolytes.*® Accordingly, as indicated in
ESI2 (ESIT), the following reaction sequence is likely to occur,

2LiMn,0,(s) + xClO ™ (aq) + xH,O(1)
— 2Li;_,Mn,0,(s) + 2xLi‘(aq) + xCl~ + 2xOH " (aq)
(©)
Li;_,Mn,04(s) + 3(5 — x)ClIO " (aq) + (3 + x)OH (aq)
- (1 — x)Li'(aq) + 2MnO,* (aq) + (5 — x)Cl (aq) + (3 +

X)H,0() (D)
2Mn0,> (aq) + ClO ™ (aq) + H,O(1)
— 2MnO, (aq) + Cl™(aq) + 20H (aq) (E)

where the lithiated manganese dioxide species is likely to be
the layered®® Mn,O, species of A-MnO,: this is known as the
end-product from acidic de-lithiation.>* This initial reaction
sequence is further consistent with the ability of manganese
dioxide to adsorb lithium ions in solution.”” Since electron
transfer kinetics across a semiconductor/electrolyte interface
can be described through the normal Marcus region,*® the
slowest reactions are those with the smallest driving forces.
As outlined in ESI2 (ESIY), it is likely that reaction (C) is the
slowest chemical step. Note that thermodynamic considerations*®
suggest that, under the conditions employed (<2% alkalinity,
> 8% available chlorine, corresponding to ca.0.625 M NaOH and
~3 M NacClO), oxidation by dissolved oxygen is not significant.

As mentioned earlier, whilst the dissolution of most man-
ganese oxides typically occurs under the control of surface
kinetics, this is not always the case.’ For surface redox
reaction-controlled dissolution, a simple cubic law is typically
followed.’®>* However, the dissolution rate of irreversible
chemical reactions occurring under mixed control by mass
transfer and surface kinetics is given by:

kmek
mtAhet cbulk (1)

Rate = ———
kmt+khet o

in which k., is the mass transfer coefficient, k. is the surface
reaction rate constant and the bulk concentration of the hypo-
chlorite lixiviant is %, and is formally derived in ESI3 (ESIf).

In eqn (1), both mass transfer and rate coefficients have units

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of length per unit time, so that the dissolution rate is equivalent
to the flux (amount per unit time per unit area). The area
involved is the interfacial area, and can be estimated through
the total geometrical area of the particles (S). Assuming mono-
disperse spherical particles of radius r, (22 pm), we may
approximate the total geometrical area as being the area of a
single particle multiplied by the number of particles present.
The latter is the ratio of the volume of the particles used to that
corresponding to a single sphere, where the former is given by
the mass of particles used (m,) normalised by the bulk density
of LiMn,0, (p = 4.29 ¢ cm>).>* Thus,

S= 3mo @)
rop

If the mass transport coefficient, k., can be estimated, the
heterogeneous reaction rate constant can be determined
through monitoring the permanganate concentration change
in the solution.

Accordingly, oxidative leaching experiments were undertaken
through refluxing 80 mL of alkaline hypochlorite (<2% alkalinity,
> 8% available chlorine), with a fixed mass of LiMn,O, (m, = 0.1 g
or 1.0 g) at a known temperature, T, in the range 50 < 7/°C < 100,
for a constant time period (1 h), see ESI1 (ESIf). Our previous
work,”” suggests that this time period is sufficient for the initial rate
to be monitored. Fig. 1 illustrates spectrophotometric analysis of an
aliquot of the reaction solution taken after 60 min. It is clear that in
all cases, MnO,~ is present, at concentrations in the range 30-
170 pM, based on Beer-Lambert analysis through comparison with
external MnO,,~ calibration (A = 525 nm; ¢ = 2085 L mol " ecm ™)
over the range 25-560 uM.

The rate of LiMn,0O, dissolution is then given by,

Rate — % Number of MnOZSproduced in time 7 3)
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Fig. 1 Visible absorption spectrum of the permanganate product
obtained from 1.0 g (red, blue and yellow) or 0.1 g (green) LiMn,O4 heated
with 80 mL of alkaline hypochlorite solution after one hour at 54 °C
(yellow), 72 °C (blue) or 95 °C (red and green).
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where the factor of 1 results from the 1:2 stoichiometry of
LiMn,0,: MnO,  in eqn (A). Thus, combining eqn (1)-(3)
affords:

bulk
kmlklvlilno; Vsotrop

bulk __bulk
OkmTmocgio- — CNno; Vsol"0p

(4)

khelz

in which Vg, is the volume of alkaline hypochlorite used
(80 mL).

As demonstrated in ESI4 (ESIt), the mass transfer coefficient
(km¢) is on the order of 10~* m s and demonstrates tempera-
ture dependence with activation energy of ca. 16 kj mol™ . In
contrast, the mixed activation/mass transfer constant in eqn (1)
is on the order of 10~'" m s~ ', which is substantially smaller
than the mass transfer coefficient. This dissolutive flux thus
corresponds to pure kinetics, with no contribution from mass
transfer.>® Accordingly, using eqn (4), the heterogeneous rate
constant for the dissolution can be estimated. This is presented
in Fig. 2, in the form of an Arrhenius plot. It is clear that in the
temperature range studied, the true surface chemical rate
constant (kne¢) is independent of the starting mass of LiMn,O,.

Moreover, the rate constant increases with temperature, as
expected; this dependency enables the estimation of the activation
energy for the oxidative dissolution of 22 kJ mol™" (0.23 eV). This
is significantly smaller than required by other treatments,?**%
and is for slow activation kinetics and not mass transfer in
solution. Since the activation energy for electronic conductivity
in LiMn,O, semiconductors through electron hopping
(small polaron) between Mn"" and Mn"" sites has been given as
between®®® 0.16-0.34 eV, this indicates that it is transport
within the solid of Mn™ to the surface that rate limits the
dissolution. This is consistent with reaction (C) being the
slow step.

2357
24t
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Fig. 2 Arrhenius plots illustrating the temperature dependence of the rate
constant for oxidative dissolution. Open red circles correspond to 1.0 g
LiMn,Oy4; closed black circles correspond to 0.1 g LiMn,O4. Mean data
plotted, with maximum and minimum limits given through the error bars
for measurements made in duplicate.
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The activation energy for the oxidative, surface-controlled
leaching of LiMn,0, is lower than that reported for the surface
kinetics-limited reductive leaching (activation energy of
~50 kJ mol ') LiC00,.>® Both materials are semiconductors at
ambient temperature: LiMn,0, is an n-type semiconductor (band
gap of 1.99 eV),*® whilst, LiCoO, undergoes a semiconductor-to-
metallic transition as lithium de-intercalation occurs.®® When a
metal is immersed into a redox electrolyte, equilibration of the
Fermi level of the metal with that of the redox electrolyte occurs,
and heterogeneous electron transfer is dominated by the con-
tinuum of electronic energy states in the electrode, where the
density of states (the number of states per atom per unit energy) is
assumed to be independent of energy, and for which the Fermi-
Dirac distribution governs the occupancy probability of a given
electronic energy state.’’ For oxidative leaching (corrosion) of
metals, reduction of the chemical oxidant is an iso-energetic
electron transfer into an unoccupied energy state in the solution
species. This can occur from any occupied state within the
electrode into the (assumed) Gaussian density of states function
for the aqueous redox species. In contrast, when a semiconductor
is in electronic contact with a redox electrolyte, charge can flow
across the interface, which leads to the development of a space-
charge region in the semiconductor, in which the band edges are
pinned relative to the Fermi level of the solution phase species
(assuming the semiconductor is defect-free).®" In the case of
LiMn,0,, the space-charge region has been reported to have a
width of 44 nm.>® Such band bending phenomena changes the
concentrations of electrons and holes at the semiconductor side
of the interface, and thus, hole (or electron) transfer can only
occur through a narrow distribution of energies within the band
continuum, whenever electronic overlap of semiconductor states
with the solution Fermi energy occurs. As noted by LeBlanc and
Folger,*® the difference between the solution redox couple and the
semiconductor band edge can be considered as the activation
barrier for the heterogeneous redox process. Under standard
conditions, the experimental solution at ca. pH 14 indicates that
the valence band edge of LiMn,0, has a value of ca. 0.78 V vs.
SHE,”® the oxidation process is predicted to be under activation
control, as observed experimentally.

The manganese leaching efficiency (x) is calculated from the
ratio of the amount of manganese dissolved in solution as perman-
ganate to the amount of manganese in the initial solid powder:*®

k}f]lqko; Vsol
1= X 100 5)

2 _
* 181

where mj is the mass (in g) of LiMnO, (molar mass 181 g mol %)
used initially. The data illustrated in Fig. 3 demonstrate that only
slight leaching (0.2% maximum) occurs over the 60 min period
using alkaline hypochlorite. Again, it is evident that there is little
difference in the data for the different solid/water ratios used
(1.25 g L™ to 12.5 g L™ "). Moreover, the leaching rate is commen-
surate with those reported for the alternative oxidants of peroxydi-
sulphate and bromine,* for which it is reported that lithium ion
extraction occurs with only a slight dissolution of manganese.®®
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Fig. 3 Temperature dependence of the manganese leaching efficiency
through oxidative dissolution with alkaline permanganate. Open red
circles correspond to 1.0 g LiMn,Oy; closed black circles correspond to
0.1 g LiMn,O4. Mean data plotted, with maximum and minimum limits
given through the error bars for measurements made in duplicate.

In summary, the alternative oxidative leaching method illu-
strated in this work requires lower energy expenditure than
current methods, owing to the smaller activation energy for the
chemical reaction. Whilst only ca. 0.15% of the available
manganese has been demonstrated to have dissolved through
oxidation under the short time period, this is a climate-smart
process. Although we have only studied a small range of solid/
water levels (1.25 g L' to 12.5 g L™"), since the chemistry is
under pure kinetic control by the heterogeneous electron
transfer, there is no dependence on the mass of the solid. This
suggests that optimisation of this chemistry is possible, and
this may enable a reduction in the water stress required for
lithium and manganese recovery from LiMn,0,, although the
7 F mol ' required by the overall reaction, reaction (A),
indicates a compromise is necessary as hypochlorite is needed
for both the initial and subsequent steps. The chemical system
enables dissolution of the manganese framework,** and there-
fore allows both lithium ions and permanganate ions to be
based in the solution. These two ions are readily separated in
subsequent steps, since MnO,~ is highly redox-active and can
be reduced to MnO, by, for example, abating a reduced gas
species (such as H,S, SO,, NO,, etc.) at an appropriate pH,
during industrial symbiotic chemical processes. In line with
previous work,”” in taking this forward, a cascading leaching
process will need to be developed, to overcome the thermal
decomposition of hypochlorite,®® in order enable optimisation
of the process conditions.
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