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Electrochemical process for recovery of metallic Mn from waste
LiMn2O4-based Li-ion batteries in NaCl−CaCl2 melts
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College of Metallurgy and Energy, North China University of Science and Technology, Tangshan 063210, China
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Abstract: A new method is proposed for the recovery of Mn via the direct electrochemical reduction of LiMn2O4 from the waste of lithium-ion
batteries in NaCl−CaCl2 melts at 750°C. The results show that the LiMn2O4 reduction process by the electrochemical method on the coated
electrode surface occurs in three steps: Mn(IV) → Mn(III) → Mn(II) → Mn. The products of this electro-deoxidation are CaMn2O4, MnO,
(MnO)x(CaO)1−x, and Mn. Metal Mn appears when the electrolytic voltage increases to 2.6 V, which indicates that increasing the voltage may
promote the deoxidation reaction process. With the advancement of the three-phase interline (3PI), electric deoxygenation gradually proceeds
from the outer area of the crucible to the core. At high voltage, the kinetic process of the reduction reaction is accelerated, which generates
double 3PIs at different stages.

Keywords: lithium-ion-battery waste; electrochemistry of melts; Mn recovery; electro-deoxidation; lithium manganate

  

1. Introduction

As one of the most popular energy storage devices, lithi-
um-ion batteries (LIBs) have excellent performance and are
widely used in power vehicles and electronic products [1−2],
but  there  is  a  huge  volume  of  waste  LIBs  produced  every
year. The efficient and environmentally friendly recycling of
the  valuable  metals  in  the  cathode  materials  of  waste  LIBs
has attracted interest as a way to both reduce environmental
pollution and recover valuable metals. To date, reasearch has
mainly focused on hydrometallurgy [3−7], mechanical separ-
ation  [8],  and  comprehensive  recycling  [9],  with  other
reasearchers  focusing  on  recycling  and  crystal  regeneration
[10−11].

Electrochemical methods for melts have made significant
progress  with  respect  to  the  reduction  of  metals  such  as  Ti
[12−16] and Si [16−19]. Many recycling methods have been
developed,  including  the  FFC-Cambridge  [12]  and  USTB
[13] processes, which have excellent performance in metal-
oxide reduction and the  recycling of  metal-containing solid
waste [20−25]. Zhang et al. [26] recycled the metals Co and
Li  from  the  LiCoO2-battery  cathode  material  in  K2CO3−
Na2CO3 melts. Compared with cobalt resources, the econom-
ic benefit of recycling manganese resources is lower, but as a
solid waste, the direct disposal of manganese resources does
not meet resource recovery requirements. As a heavy metal,
manganese  also  requires  effective  treatment  to  reduce  and
eliminate  its  environmental  impact.  Alkaline  earth  metal
chlorides have often been used in metal electrochemical pro-

cesses due to their wide electrochemical windows and good
stability [27]. Researchers have recycled Si, Ti, Fe, and other
metals  in  the  NaCl−CaCl2 melts  system,  which  has  laid  a
foundation  for  further  study  [28−30].  In  this  study,  we  in-
vestigated  the  process  of  electrochemically  reducing  man-
ganese from LiMn2O4 in equimolar NaCl−CaCl2 melts,  and
obtained the electrochemical reduction mechanism and elec-
trolytic  conditions  necessary  for  recycling  manganese.  The
results of this work provide a theoretical basis for the green
recycling of LIBs. 

2. Experimental

The  reagents  in  the  experiment  included  NaCl  (Sinop-
barm Chemical Reagent, Co., Ltd., China, analytical grade),
CaCl2 (Sinopbarm Chemical Reagent, Co., Ltd., China, ana-
lytical grade), and LiMn2O4 (Wuxi Jewel Power & Materials
Co., Ltd., China, ≥99.95%), which were dehydrated prior to
the experiment. We thoroughly mixed 200 g of NaCl−CaCl2

powder in an equimolar ratio and placed it into a corundum
crucible. The melts were heated to 1023 K and maintained at
that temperature for 1 h. All the experiments conducted in the
resistance furnace were conducted under the protection of a
high-purity argon atmostphere (Ar, 99.999%).

For the electrochemical analysis, which was performed at
an  electrochemical  workstation  (CHI660E,  CH  Instryment,
Inc.),  we  used  a  three-electrode  system,  with  a  high-purity
graphite rod (diameter (d) = 5 mm) as the counter electrode,
an  Ag/AgCl  electrode  as  the  reference  electrode,  and  a  Pt 

 
✉ Corresponding author: Hui Li      E-mail: lh@ncst.edu.cn
© University of Science and Technology Beijing 2021

International Journal of Minerals , Metallurgy and Materials
Volume 29, Number 3, March 2022, Page 473
https://doi.org/10.1007/s12613-020-2144-7

https://doi.org/10.1007/s12613-020-2144-7
https://doi.org/10.1007/s12613-020-2144-7
https://doi.org/10.1007/s12613-020-2144-7


wire (d = 0.5 mm) coated with LiMn2O4 powder or not as the
working electrode. We put 3 g of LiMn2O4 powder into 10
mL of absolute ethanol and subjected it to vibration by ultra-
sonic wave for 15 min to fully disperse the powder in the eth-
anol. The Pt wire was inserted into the mixture and then taken
out  and  dried,  and  this  process  was  repeated  three  to  four
times  to  evenly  coat  the  surface  of  the  Pt  wire  with  the
powder.  The  illustration  of  the  electrolysis  equipment  was
shown in Fig. 1.
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Fig. 1.    Illustration of the electrolysis equipment.
 

Constant potential deoxygenation analysis was performed
using  a  direct  current  power  supply  (GWINSTEK  PSM-
3004). In the constant-voltage deoxidation process, we used a
two-electrode system with a high-purity graphite sheet as the
anode.  For  the  cathode,  we  used  a  graphite  crucible  (outer
diameter  15 mm, inner  diameter  8  mm, and depth  12 mm)
wrapped with 400#-mesh barbed wire and filled with 0.8 g of
LiMn2O4 powder.

After deoxygenation, the electrode was taken out and the
water  was  cooled.  The  product  was  separated  from  the
graphite crucible and cleaned by ultrasonic wave in a water
bath  at  0°C.  The  products  were  analyzed  by  X-ray  diffrac-

tion  (XRD,  Noran7  Thermo  Fisher),  scanning  electron  mi-
croscopy  (SEM,  PHENOM  ProX),  and  energy-dispersive
X-ray spectroscopy (EDS, PHENOM ProX). 

3. Results and discussion 

3.1. Cell voltage electrolysis analysis

To study the effect of voltage on the LiMn2O4 reduction
process, the electro-oxidation voltage range was varied from
0.5 to 3.0 V at 750°C for 12 h, the results of which are shown
in Fig. 2(a). At 0.5 V, the main products were CaMn2O4 and a
little MnO. At 2.5 V, the products comprised two solid solu-
tions,  (MnO)0.614(CaO)0.386 and  (MnO)0.253(CaO)0.747.  In  this
electrolytic  condition,  Mn(III)  could be completely reduced
to Mn(II), and CaMn2O4 completely disappeared. Solid solu-
tions were produced by the deoxidation of CaMn2O4. At 2.6
V, metal manganese appeared and calcium oxide (CaO) and
calcium hydroxide (Ca(OH)2) formed. CaO was produced by
the  deoxidation  of  the  solid  solution,  and  the  formation  of
Ca(OH)2 was due to the hydrolysis  of  CaO during the pro-
cess of washing in deionized water [31]. At 3.0 V, no man-
ganese  oxide  could  be  detected  in  the  products,  only  metal
manganese,  CaO,  and Ca(OH)2.  Thus,  the  reaction was de-
termined  by  the  electrolytic  voltage  and  the  reactions  pro-
ceeded when the voltage reached certain reaction conditions.

Under the influence of voltage, Ca2+ exhibited directional
movement  in  the  melts,  and  accumulated  around  LiMn2O4,
with  Mn(IV)  converting  to  Mn(III)  upon  the  formation  of
CaMn2O4.

Fig. 2(b)−(e) shows photos of the electrolytic products at
different potentials. Fig. 2(b) shows the product produced at
0.5  V,  wherein that  in  contact  with  the crucible  was green,
and those in the interior of the crucible were black. At 2.5 V,
all the products were completely green, as shown in Fig. 2(c).
According  to  the  results  shown  in Fig.  2(b),  at  0.5  V,  no
CaMn2O4 was present, a divalent manganese compound was
the  main  component,  the  black  product  was  CaMn2O4,  and
the green product was MnO. As shown in Fig. 2(d), at 2.6 V,
the  product  changed  from  green  to  dark  gray,  with  just  a
small amount of green product at the bottom of the crucible.
According to the result shown in Fig. 2(a), the green product
was the incompletely reduced MnO and the dark gray mater-
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Fig. 2.    Electro-deoxidation products at different voltages for 12 h: (a) XRD results; photos of products at (b) 0.5 V, (c) 2.5 V, (d)
2.6 V, and (e) 3.0 V.
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ial was metal Mn. At 3.0 V, the product was completely dark
gray,  which,  according  to Fig.  2(a),  was  metal  Mn  with  a
small quantity of Ca compound. During the electro-deoxida-
tion process, at 2.5 V, the product was green MnO, and the
MnO  was  not  reduced  to  manganese  due  to  the  limited
voltage. The deoxygenation reaction stagnates when the re-
action of Mn(II) to metal manganese cannot be driven by the
electrical conditions. When the voltage was increased to 2.6
V and  higher,  the  conversion  of  MnO to  metal  manganese
was promoted.

As shown in Fig. 3, the deoxygenation time of reaction 1
(R1) and reaction 2 (R2) at 3.0 V is less than that at 2.6 V.
For 2 h, the electro-deoxidation of LiMn2O4 entered the reac-
tion 3 (R3) step at 3.0 V, but the electro-deoxidation time is
longer at 2.6 V. Combined with the XRD results, it is evident
that the LiMn2O4 is completely deoxidized at 3.0 V for 12 h,
but  LiMn2O4 is  not  completely  deoxidized  at  2.6  V.  The
speed of the reaction also increased when the voltage is in-
creased.  However,  excessive  voltage  increases  energy  con-
sumption and cost.
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Fig.  3.      Current data for electro-deoxidation over 12 h at  2.6
and 3.0 V.
 

The  charge  of  the  electrical  deoxidation  process  can  be
obtained using Eq. (1).

Q =
w t2

t1

Idt (1)

where Q is the charge consumption (C), I is the current (A), t1

and t2 are the start and end time of the reaction (s). The calcu-
lations reveal that a 17509 charge was consumed in the elec-

tro-deoxidation process for 12 h at 3.0 V, the work expended
during the reduction was 4.377 kJ, and the energy consump-
tion  was  0.12  ×  10−2 kW∙h.  In  the  experiment,  the  mass  of
LiMn2O4 was 0.8 g and that of manganese was 0.48 g. To ob-
tain 1 t  of metal manganese required 2500 kW∙h of electri-
city by electrical deoxidation.

The deoxidation process of LiMn2O4 mainly includes the
following steps. First, spinel lithium manganate (LiMn2O4) is
decomposed to produce CaMn2O4, MnO, and O2 in melts at
750°C.  Next,  Mn(III)  is  deoxidized  to  Mn(II).  Third,  the
divalent manganese oxide and its solid solution are deoxid-
ized together to obtain metal manganese. The total reduction
process  of  manganese  is  expressed  as  follows:  Mn(IV)→
Mn(III)→ Mn(II)→ Mn.

Reaction of cathode:
LiMn2O4+Ca2++ e− = CaMn2O4+Li+ (2)

CaMn2O4+2e− = 2MnO+CaO+O2− (3)

MnO+2e− =Mn+O2− (4)
Reaction of anode:

O2−+C = CO2+2e− (5)
To  study  the  green  material  in  the  reaction  process,  we

identified the products at 0.5 V for 12 h, the results of which
are shown in Fig. 4. As evident in the figure, there are clear
boundary layers, in which the uppermost layer is the graphite
crucible, the green product near the graphite crucible is MnO,
and  the  bottom  layer  is  the  incompletely  reduced  product
CaMn2O4. The reaction process gradually proceeded from the
LiMn2O4 material in contact with the crucible to that inside
the crucible. 

3.2. Time analysis

The effect of the reaction time on the LiMn2O4 deoxida-
tion process was studied at 3.0 V and 750°C, the XRD res-
ults of which are shown in Fig. 5(a). For 0.5 h, the deoxida-
tion products included CaMn2O4, MnO, and a little (MnO)0.252

(CaO)0.748.  The  characteristic  peaks  of  CaMn2O4 decreased,
and  the  solid  solutions  (MnO)0.252(CaO)0.748 and  (MnO)0.877

(CaO)0.123 appeared  for  2  h,  which  indicated  that  CaMn2O4

had continued to be reduced during this stage, with peaks of
metal manganese also appearing in the products. Therefore,
different  stages of  electrical  deoxidation occurred simultan-
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eously in the melts when driven by a high electrical force, but
CaMn2O4 had not been completely reduced to MnO. With in-
creased deoxidation time, the manganese oxide was continu-
ously reduced, with a small amount of MnO detected for 9 h.
The manganese had been completely reduced for 12 h.

Fig.  5(b)−(e)  shows  the  electro-deoxidation  products  at
different  times.  At  3.0  V,  the  interior  of  the  product  was
black,  with green parts  apparent  only where the melts,  cru-
cible, and LiMn2O4 were in contact for 0.5 h. From the XRD
analysis  in Fig.  5(a),  we  know  that  the  green  product  was
MnO and the black product was CaMn2O4. In Fig. 5(c), we
can see that most of the products were green, and only a small
amount was still black for 2 h. The products changed to dark
gray from green for 9 h. According to the XRD results in Fig.
5(a), the dark gray products were mainly composed of metal
manganese and the volume of the deoxygenated product had
been  significantly  reduced  relative  to  the  intermediate
product. As shown in Fig. 5, metal manganese was detected
in the product for 3.0 V. The SEM, EDS, and element distri-
bution chart of deoxygenated products are shown in Fig. 6.
Based on the combined results obtained by SEM and EDS,
we can conclude that elements Mn and O were detected on
the surface of the product, and their quality was excellent.

In Fig.  7,  during  the  deoxidation  from  LiMn2O4 to  the
metal Mn at a voltage of 3.0 V, the initial reaction only oc-
curred at the three-phase interline (3PI), where the oxide in-

terface, melts interface, and graphite crucible were in contact
[30]. After the manganese oxide had been deoxidized, the re-
action moved to the next material that could be deoxidized,
which means the electrical deoxidation process in the melts
proceeded gradually. With the deepening of the reaction pro-
cess, the reduced products gradually aggregated and the 3PI
continued  to  advance.  At  the  same  time,  the  MnO  product
obtained  in  the  first  step  continued  to  be  reduced  to  metal
manganese,  for  which  there  appeared  a  new  3PI.  With  the
deepened  new  3PI,  subsequent  deoxidation  and  continuous
metallization processes occurred. This meant there were three
layers  of  different  substances:  the  innermost  layer  was  the
product not yet having undergone a deoxidation reaction, the
second outer layer was the MnO product from the first-stage
reduction process,  and the outermost  layer was the reduced
metal manganese. When the diffusion of the melts was unsat-
isfactory in the deoxidizer,  the development  of  the 3PI and
the reaction process were severely hindered, the deoxygena-
tion rate was reduced, and the deoxygenation process could
not be completely finished [30]. These effects were reduced
when the oxide powder was deoxidized in the graphite cru-
cible, because the gap between the powders was conducive to
the formation of the 3PI. 

3.3. Cyclic voltammetry on platinum-coated electrode

Fig.  8 shows  the  cyclic  voltammetry  curve  of  LiMn2O4

with the Pt-coated electrode at 750°C in the NaCl−CaCl2 sys-
tem. In Fig. 8(a), the blue line is the scan result with the un-
coated  electrode  and  the  red  line  is  the  scan  result  of  the
coated  electrode.  In  the  electrochemical  window  of  pure
melts, the cyclic voltammetry curve of LiMn2O4 shows three
clear  redox  peaks. Fig.  8(b)  shows  the  multi-cycle  cyclic
voltammetry scan with the coated electrode. In the reduction
process  of  the  first  reverse  scan,  three  obvious  reduction
peaks appeared, peak a, peak b, and peak c, in the range of
−0.3 to −0.7 V. Peak a was produced by the LiMn2O4 reduc-
tion  process  from  Mn(IV)  to  Mn(III),  with  the  products  in
this  process  in  the  form  of  the  more  thermodynamically
stable CaMn2O4. Peak b was caused by the CaMn2O4 reduc-
tion process from Mn(III) to Mn(II). From the electric deox-
idation process at different voltages in Fig. 2, we can see that
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the deoxidation rate of CaMn2O4 was slowly. In that case, re-
duction peak b also showed a gentle trend during the electro-
chemical test. Peak c shows the reduction process of Mn(II)
to metal Mn, which corresponded to the reduction process of
MnO to  metal  Mn in  the  constant-voltage  deoxidation  pro-
cess. During the forward scan, peak c′, peak b′, and peak a′
appeared in the range of −0.6 to 0 V, in which the metal Mn
was  reoxidezed.  Peak c′  was  caused  by  the  reoxidation  to
Mn(II) from the reduced metal Mn, and peak b′ was the re-
verse  process  of  peak b,  whereby  Mn(II)  was  oxidized  to
Mn(III).  Due  to  the  effect  of  Ca2+ in  melts,  the  oxidation
product  was  CaMn2O4.  Finally,  Mn(III)  was  oxidized  to
Mn(IV), which appeard as peak a′ in the electrical signal. In
another reverse scan, three clear reduction peaks appeared in
the cyclic voltammetry results in which, compared with the
reduction peaks of the first cycle, the current density values
were significantly reduced. The product in the oxidation pro-
cess did not completely return to the electrode surface, which
resulted in a reduction of the active particles on the electrode
surface [32]. Furthermore, the peak current in the oxidation
and  reduction  processes  gradually  weakened.  The  more
redox processes occur, the less active are the particles on the
electrode surface. Therefore, in the cyclic voltammetry pro-
cess,  the  peak  current  gradually  weakens  as  the  number  of
cycles increases. 

4. Conclusions

We systematically investigated the effects of voltage and

time  on  the  electrochemical  reduction  mechanism  of  man-
ganese in LiMn2O4 in an NaCl–CaCl2 melts system with an
equimolar ratio at 750°C. Based on our results, we can make
the following conclusions.

(1)  Metal  Mn  can  be  obtained  by  the  constant-voltage
deoxidation of LiMn2O4 at 2.6 V, and the deoxygenation pro-
cess can be accelerated by increasing the voltage.

(2)  The first  step of  the deoxygenation process proceeds
from the  outer  area  to  the  inside  to  produce  Mn(II),  which
continues to reduce, thereby forming two reaction interfaces.

(3) Cyclic voltammetry results  reveal  that  the process of
reducing LiMn2O4 to metal manganese on a Pt-coated elec-
trode  surface  occurs  in  three  steps:  Mn(IV)  →  Mn(III)  →
Mn(II) → Mn. 
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