
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
2:

30
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A green process
School of Resources, Environment and Ma

Road, Nanning 530004, China. E-mail: khu

† Electronic supplementary infor
https://doi.org/10.1039/d2ra04391b

Cite this: RSC Adv., 2022, 12, 23683

Received 16th July 2022
Accepted 11th August 2022

DOI: 10.1039/d2ra04391b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
for recycling and synthesis of
cathode materials LiMn2O4 from spent lithium-ion
batteries using citric acid†

Junzhen Wang, Kui Huang,* Haili Dong, Yuanhuan Lu, Kunjie Liu, Zhangqing Chen,
Xinke Shan, Guoliang Huang and Lin Wei

In view of the reducing reagent consumption and secondary pollution caused by recycling spent lithium-

ion batteries (LIBs), a relatively green process has been proposed, because the complex process to separate

metals and the use of a large number of environmentally unfriendly chemical reagents are not involved. This

process combines acid leaching with the resynthesis of the cathode material to recycle LiMn2O4 (LMO)

from spent LIBs. The leaching efficiencies of Li and Mn exceeded 94% under the conditions of 1.0 M

citric acid concentration, solid–liquid ratio of 60 g L�1, and 60 min leaching time. After the leaching

process, spinel LMO was successfully resynthesized by the sol–gel process using leachate. The sample

calcined at 700 �C has the best electrochemical performances, and the initial discharge capacity at a 2C

rate and capacity retention after 100 cycles were 87.85 mA h g�1 and 93.63%, respectively. The

resynthesized cathode material possessed excellent cycling performance, which may result from Al

doping. Furthermore, the mechanism of overall reaction and the formation process of complex

Mn(C6H6O7)$H2O in the leaching process were explored. This study indicates that citric acid is an

effective reagent for recycling cathode materials and the process is feasible.
1. Introduction

The application of lithium-ion batteries (LIBs) has expanded
from mobile electronic devices to electric vehicles due to their
high voltage platform, high energy density, low self-discharge,
and good cycling performance.1 In the near future, LIBs will
also become a key driving force in the eld of drones and the
Internet of Things.2 The development trend of LIBs shows that
a huge rise in their market share is immeasurable. LiMn2O4

(LMO) with spinel structure is one of the most promising
cathode materials (the others including LiFePO4, LiNixCoy-
MnzO2, et al.) and has been successfully commercialized in
much large-scale energy storage equipment because it has the
advantages of rich rawmaterial resources, high safety, and good
charge–discharge performance.3,4

LIBs will ow into the waste stream aer about 1000 charge–
discharge cycles (3–5 years).5 Considering the adverse environ-
mental impact of inappropriate disposal, it is urgent to treat
these spent batteries with sustainable methods. Hydrometal-
lurgical technology is considered to be more sustainable and
excellent in current technologies for recycling spent LIBs
because of its features of high recovery efficiency and low energy
terials, Guangxi University, 100 Daxue

ang@gxu.edu.cn
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consumption.6 Generally, the hydrometallurgical processes
involve the leaching process to dissolve metals in cathode
materials using acid or alkali solution, and then separating and
purifying different metals by solvent extraction, chemical
precipitation, and electro-deposition.7 However, the emission of
waste liquid as a major defect appears due to the use of acid/
alkali solution and various chemical reagents. In the tradi-
tional leaching processes, studies emphasize the treatment of
cathode materials in spent LIBs using inorganic acids such as
HNO3,8 HCl,9,10 H2SO4.11,12 Although high leaching efficiency
could be provided by inorganic acid, a series of problems
involving strong corrosion, toxic gas emissions (Cl2, SOx and
NOx), and difficult treatment of waste liquid were caused by its
excessive use. Thus, more interest is turned into biodegradable
organic acid leaching to avoid secondary pollution. Citric
acid,13,14 malic acid,15,16 ascorbic acid17,18 and so on have been
used to dissolve spent cathode materials. The leaching of three
different organic acids (citric acid, malic acid, aspartic acid) on
LiCoO2 was compared in the presence of H2O2 and the results
showed that high leaching efficiency was achieved when the
leaching agent is citric acid.19 In addition, energy consumption
and gas emission are minimal in the whole production of citric
acid.19 Musariri et al.20 studied the leaching kinetic behavior of
citric and malic acid where a faster kinetic was observed for
citric acid (95% for Co, 97% for Li, 99% for Ni within 30 min).

Some organic acids can act as both leaching and reducing
agent to simplify leaching processes due to the presence of
RSC Adv., 2022, 12, 23683–23691 | 23683
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View Article Online
reductive groups in their chemical structure. Ascorbic acid with
alkene glycol group was used to recycle Co and Li as both
leaching and reducing agents.17 Citrus fruit juices containing
citric acid, malic acid, and ascorbic acid were used by D. Pant
and T. Dolker to leach Li, Ni, Co and Mn from spent LIBs.21 The
leaching efficiencies of as high as 94–100% can be achieved.

Separation and extraction of valuable metals in leachate aer
leaching processes is also an indispensable part,22 but complex
processes and large reagent consumption oen imply some
risks of secondary pollution. Resynthesis of cathodematerials is
thus a good alternative in many recycling methods for spent
LIBs to avoid these cumbersome operations. Spent cathode
materials were leached and then synthesized by sol–gel process
using organic acid as a chelating agent, and the results indi-
cated that micro-morphology and electrochemical properties of
resynthesized materials were as good as that of new synthetic
materials.4,13 Another method of resynthesis is the coprecipita-
tion method, that is, the metal ions in the leachate were
coprecipitated to form a precursor. Subsequently, a cathode
material with good electrochemical performances can be
prepared by calcining lithium salt and precursor together.23–25

However, the coprecipitation method is only applicable to the
recovery of ternary power batteries with many kinds of metal
ions.

Based on the above studies, multipurpose organic acids can
be used simultaneously as leaching, reducing and chelating
agents. In this study, citric acid in the absence of reducing agent
was used to leach LiMn2O4 and the optimal leaching conditions
of system were examined. Besides, the reaction mechanism
between citric acid and LMOwas explained from the perspective
of the decomposition in solution for citric acid. LMO was
resynthesized directly by a simple sol–gel process using the
leachate as raw material aer the leaching process, and the
resynthesized samples have excellent cycling performance.
2. Experimental
2.1 Materials and reagents

The spent LIBs used in this work were purchased from a local
small spent battery recycler. All reagents used in this work were
of analytical grade, with citric acid and Li2CO3 having a purity of
99.5% and 99.0%, respectively. And all solutions were prepared
with ultrapure water.
2.2 Experimental procedure

2.2.1 Pretreatment of the spent LIBs. Aer being dis-
charged in NaCl solution, the spent LIBs were dismantled
manually to separate steel casings, anode, cathode and plastic.
The Al foil and the LiMn2O4 material were separated by
calcining the cathode active materials at 550 �C in a muffle
furnace to burn off the conducting media and binder.

2.2.2 Acid leaching. All the leaching experiments were
performed in a series of 150mL conical asks placed in a shaker
with constant temperature water bath. For each run, the shaker
with constant temperature water bath was heated to a temper-
ature of 50 �C, and the leaching procedure was performed under
23684 | RSC Adv., 2022, 12, 23683–23691
constant shaking speed aer an amount of the cathode mate-
rials LiMn2O4 and the citric acid solution were added into the
asks. Aer a period of time (10–120 min), the ask was taken
out and the leachate was ltered. The residues were washed
several times with ultrapure water, and concentrations of
metals in the leachate were determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES). To determine
the optimum conditions, the effects of citric acid concentration
(0.5–2.5 M), time (10–120 min), solid–liquid ratio (20–100 g L�1)
were investigated.

The leaching efficiency c can be calculated according to eqn
(1):

c ¼ cMV

m0wM

� 100% (1)

where m0 (g) and wM are the mass of cathode material and the
weight content of metal element “M” in it, cM (mg L�1) and V (L)
are the concentration of metal element “M” and volume of
leaching solution, respectively.

2.2.3 Resynthesis of LMO cathode material. 3.0 g of
cathode materials powder were dissolved in citric acid solution
under optimal conditions. According to measured concentra-
tions of Li+ and Mn2+, the molar ratio of Li : Mn was adjusted to
1.05 : 2 by adding Li2CO3 as required and the pH was adjusted
to 6.0 by adding a suitable amount of aqueous ammonia to
leachate. And then leachate was heated and stirred at 75 �C in
a magnetic stirrer with constant temperature until gel was
formed. The gel was dried at 100 �C in over for 24 h to obtain
precursor powder. The precursor was thermally treated in two-
step in a furnace: it was precalcined at 450 �C for 4 h in the
ambient atmosphere and then calcined at 600–800 �C for 16 h
(labeled as LMO-600, LMO-700, LMO-800, respectively).
2.3 Analytical method

The metal ions concentration in the leachate was analysed by
inductively coupled plasma optical emission spectroscopy (ICP-
OES; Optima 8000DV, PerkinElmer, USA). The phase of cathode
materials, precipitates, and resynthesized LMO samples were
determined by X-ray diffractometry (XRD; Rigaku, Japan) with
Cu-Ka radiation. The surface micro-morphology of the precip-
itates and the resynthesized LMO samples were observed by
scanning electron microscopy (SEM; 800-07334, Phenom,
Holland) and eld emission scanning electron microscope (FE-
SEM; SU8020, Hitachi, Japan) attached with energy-dispersive
X-ray spectroscopy (EDS), respectively. In addition, X-ray
photoelectron spectroscopy (XPS; ESCALAB 250XI+, Thermo
Fisher Scientic, USA) was utilized to examine the valence states
of Mn and the chemical composition of the precipitates.

Electrochemical tests were conducted by using a CR2032-
type coin cell. The cathodes were fabricated by mixing the
resynthesized LMO samples with polyvinylidene diuoride
(PVDF) and acetylene black (8 : 1 : 1 by mass) in N-methyl-2-
pyrrolidone to form electrode slurry, which was coated onto Al
foil current collector and roll-pressed. The prepared cathode
sheets were dried at 80 �C in a vacuum to evaporate solvent. And
then coin cells were assembled in glove box lled with high-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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purity argon. In the coin cells, Li foil and Celgard 2500
membrane as the anode and the separator, respectively. The
electrolyte was 1.0 M LiPF6 in a mixture of ethylene carbonate,
diethyl carbonate, and dimethyl carbonate (1 : 1 : 1 by volume).

Electrochemical tests were performed using a Neware battery
testing system (CT-4008-5V10mA-164, Neware, China) from 3.0
to 4.5 V. The assembled cells were tested for 100 cycles at 2C to
analyse cycling performance. Various rates (1, 2, 3, 5, and 10C)
were also tested to investigate the rate performance of the
resynthesized LMO samples. Cyclic voltammogram (CV) tests
and electrochemical impedance spectra (EIS) were recorded
using an electrochemical workstation (CHI 660D, Chenghua,
China).
3. Results and discussion
3.1 Pretreatment of the spent LIBs

The Al foil and the LiMn2O4 material were separated by
calcining the cathode active materials at 550 �C in a muffle
furnace to burn off the conducting media and binder. Fig. S1†
shows XRD patterns before and aer heating cathode active
materials. The peak of graphite (the 2q diffraction angle corre-
sponding to graphite (002) crystal plane at about 2q ¼ 26�)
disappeared and the peak intensities of LMO increased in the
XRD pattern of cathode materials aer heat treatment. Mean-
while, some weak peaks of Mn3O4 were observed. These analysis
results indicated that the graphite carbon originating from
PVDF and conductive substances has been removed and that
the formation of Mn3O4 might be attributed to redox reaction of
Mn(III)/Mn(IV) in LMO with carbon at high temperature as
valence states of Mn element in Mn3O4 are +2 and +3.

The chemical composition of cathode material LMO as
determined by acid digestion is given in Table S1,† showing the
presence of 3.78% Li and 64.75% Mn along with 0.9% Al.
Fig. 2 Effect of (a) C6H8O7 concentration, (b) and (c) time, (d) solid–
liquid ratio on leaching efficiencies of Li and Mn.

Fig. 1 Multiphase reaction of C6H8O7 and LMO.
3.2 Leaching process

The citric acid (C6H8O7) is an organic acid with several donor-
active groups, containing three carboxyl groups (–COOH) and
one hydroxyl group (–OH), which means that a single C6H8O7

molecule can coordinate with multiple metal ions simulta-
neously. All pKa values of citric acid had been reported: pK1 ¼
3.13, pK2¼ 4.76, pK3¼ 6.40 and pK(OH)z 11.26 The ionization of
C6H8O7 is three steps as follows:

H3Cit # H2Cit
� + H+ (2)

H2Cit
� # HCit2� + H+ (3)

HCit2� # Cit3� + H+ (4)

In the structure of spinel LMO, approximately cubic close-
packed array of oxides incorporates MnO6 octahedron sharing
two opposing corners with tetrahedral LiO4, with Mn atoms
residing on the octahedral 16d sites, O atoms on the 32e sites,
and the Li atoms occupying the tetrahedral 8a sites.27 The three-
dimensional network of octahedral (16c) and tetrahedral (8a)
sites is the (111) channels of the spinel lattice during Li+
© 2022 The Author(s). Published by the Royal Society of Chemistry
intercalation and extraction.2 The reaction between C6H8O7 and
LiMn2O4 is a multiphase process involving liquid–solid phase.
C6H8O7 in solution ionize to numerous H+ to attack and break
the strong M–O bond (M is metal ion), and then citrate anions
combine with metal ions through complexation. Fig. 1 clearly
illustrates the reaction procedure of multiphase. C6H8O7 also
played the role of reduction (E0 ¼ �0.18 V) during the metal
dissolution process due to the hydroxyl group.7,28,29

3.2.1 Effect of C6H8O7 concentration. To examine the effect
of C6H8O7 on leaching process, the concentration varied from
0.5 to 2.5 M. With the increase of C6H8O7 concentration, the
leaching efficiencies of Li constantly increased while the
leaching efficiencies of Mn rst increased and then decreased
(Fig. 2a). When the C6H8O7 concentration increased from 0.5 to
1.0 M, the leaching efficiencies signicantly increased from
73.90% to 94.29% for Li and from 61.61% to 96.23% for Mn.
However, further increase of acid concentration led to a slight
increase in the leaching efficiencies of Li (only about 4–5%) and
a dramatic decrease in that of Mn (to about 40%). This contrast
of leaching effect for Mn element is attributed to the crystalli-
zation of citrate complex in the form of a white precipitate
RSC Adv., 2022, 12, 23683–23691 | 23685
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which was generated by the reaction between C6H8O7 and Mn2+

at high acid concentration (1.5–2.5 M). Li–O andMn–O bonds of
LMO are easily broken in citric acid solution. Therefore, the
high leaching efficiencies for Li and the maximum leaching
efficiencies for Mn were achieved at acid concentration of only
1.0 M, which was selected as the optimal concentration in this
work.

3.2.2 Effect of leaching time. Fig. 2b–c shows the effect of
leaching time on the leaching efficiencies of Li and Mn at
different citric acid concentrations and unchanged other
conditions (e.g., leaching temperature, solid–liquid ratio).
Except for 0.5 M, Li and Mn were leached only for 10 min at
other concentrations and the efficiencies were both more than
80%, indicating the complexation process of donor-active
groups with C6H8O7 and metal ions is very fast. For Mn
element, as previously mentioned (3.2.1 Effect of C6H8O7

concentration), at high acid concentration (1.5–2.5 M), the
leaching efficiency initially increased followed by a sharp
decline at leaching time of 30–60 min, it can be concluded that
too long leaching time leads to the precipitation of product Mn–
citrate, while that of Mn remained constant aer 60 min at 0.5–
1.0 M. For Li element, the leaching efficiency, except for 2.0 M,
rst raised and then decreased with time, reaching the highest
at 60 min. The reason for decrease of leaching efficiency aer
60 min might be that the formation of precipitation hindered
the leaching process. Therefore, it assumed that the heteroge-
neous reaction of leaching system achieved a state of complete
reaction during the 30–60 min period. The complete degree of
reaction and the water stability of product were comprehen-
sively considered, 60 min was chosen as the optimal leaching
time if 1.0 M was optimal acid concentration.

3.2.3 Effect of solid–liquid ratio. The effect of solid–liquid
ratio on the leaching efficiencies of Li and Mn is shown in
Fig. 2d. The maximum leaching efficiencies were obtained in
the range of 20–40 g L�1, for about 97%. Aer 40 g L�1, leaching
efficiencies for Li and Mn decreased with the increasing solid–
liquid ratio, to about 75% by 100 g L�1. Enough protons are
required by the leaching system to produce collisions with the
LMO particles to keep high leaching efficiency. Therefore, the
optimal solid–liquid ratio was decided as 60 g L�1, at which
a relative economical leaching effect (only 2–3% less than 40 g
L�1) can be achieved.
Fig. 3 SEM images of white precipitate (a) single particles and (b)
aggregates formed at 1.5 M acid concentration, and the comparison of
aggregates (c) at 1.5 M acid concentration and (d) at 2.5 M acid
concentration under the same magnification.
3.3 Analysis of the leached precipitates

The leaching efficiencies of citric acid on LMO were affected
signicantly due to the formation of white precipitate in the
solution of high acid concentration. Fig. S2† shows the XRD
pattern of white precipitate during leaching processes.
According to the matching result in the DIFFRAC.EVA standard
database, the substance in this work was identied as
C6H8MnO8, namely monohydrate manganese citrate Mn(C6-
H6O7)$H2O, which are similar to other studies and belongs to
orthorhombic crystal lattice, with space group P212121.30,31

Fig. 3 shows the SEM images of white precipitate Mn(C6H6-
O7)$H2O in leaching processes. As shown in Fig. 3a, single
Mn(C6H6O7)$H2O particles were observed in cuboid bar shape
23686 | RSC Adv., 2022, 12, 23683–23691
(the range from a few micrometers to dozens of micrometers in
length), which is consistent with another previous study.30

However, it occurred in situation where particles aggregated
with cluster morphology (Fig. 3b) and particle size of them was
increasing (Fig. 3c and d) with acid concentration (1.5 to 2.5 M),
which are not mentioned in the literature. These might be
attributed to higher acid concentration in this work than that
(0.3 M citric acid) in other work.28 Similarly, Nefedova et al.31

claimed that aer reagents containing manganese ions were
added to citric acid solution, small clusters of Mn(C6H6O7)$H2O
at molecular level began forming in solution. These clusters
then were the role of primary nuclei of particles on which larger
aggregates were continuously formed. Mn(C6H6O7)$H2O ob-
tained in leaching processes tted well a mesokineitc model of
solid formation.32 The formation of a solid substance in
a supersaturated environment can be regarded as the totality of
the processes of nucleation, growth, and aggregation of parti-
cles, since the aggregation not only leads to the formation of
primary nuclei of particles, but also forms aggregates with
a multilevel hierarchical structure.

XPS was performed to examine the chemical composition of
the precipitates and the overall valence states of Mn element
(Fig. 4). Aer a ne sweep of Mn 2p, Fig. 4a shows that the two
broad shoulders with binding energies of 641.5 and 653.8 eV
were consistent with the peak of Mn 2p3/2 and Mn 2p1/2,
respectively. Based on the result of peak tting for the Mn 2p3/2
spectrum, the two peaks with binding energies of 642.6 and
641.1 eV represented Mn(IV) and Mn(II), respectively.33 This
suggested that the precipitates in leaching processes contained
two valence states of Mn(IV) and Mn(II). However, the oxidation
state of Mn in the Mn(C6H6O7)$H2O was bivalent, then Mn(IV)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of the Mn(C6H6O7)$H2O. (a) Mn 2p, (b) Mn 3s, (c)
XPS Survey.

Fig. 5 (a) Leaching reaction mechanism of C6H8O7 and LMO. (b)
Processes of the Mn(C6H6O7)$H2O nucleation, growth and
aggregation.
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should be derived from unreacted LMO. Strong evidence was
that the characteristic peak of Li 1s (binding energy between
48.7 and 57.0 eV) in XPS survey (Fig. 4c) was observed,34 which
can be indicated that a small quantity of LMO particles were not
involved in the leaching reaction. In addition, the 100% of
leaching efficiency for Li in this study was unable, even at high
acid concentrations of 1.5–2.5 M. It is possible that the precipi-
tateMnC6H6O7$H2O formed aer 60min of leaching was present
as a product layer on the surface of the unreacted LMO particles,
thus inhibiting their further leaching. The reason that unreacted
LMO was not detected by XRD and SEM might result from the
low content of this fraction and the minute proportion in solid
substance aer leaching processes. Strictly speaking, the solid
substance aer the leaching processes should be a mixture of
product Mn(C6H6O7)$H2O and leaching residue LMO.
3.4 Leaching process between citric acid and Li, Mn

Fig. S3† illustrates the ionization of C6H8O7 at different pH
values. When the leaching reaction between C6H8O7 and LMO
was taken place, four protons of C6H8O7 could be liberated
depending on pH values in solution.35 Therefore, at different
pH-value conditions, the actual ionization of carboxyl group
(–COOH) in the acid solution has some differences, and the
form of citrate anion (H2Cit

�, HCit2�, Cit3�) varies accordingly.
The pH values of leachate aer leaching processes under
different citric acid concentrations (setting leaching time of 60
min) thus were accurately measured, as shown in Fig. S4.† The
pH values of leachate ranged from 4.0 to 7.0 at the condition of
0.5 and 1.0 M, and now the trivalent citrate anion Cit3� (eqn (4))
is predominant in leachate, sufficiently complexing with Li and
Mn, which are stable in solution as the structure of Li3Cit and
Mn3(Cit)2 respectively. These results are also consistent with the
nal leaching product of most studies.7,14,36 Similarly, C6H8O7 in
the leachate mainly was secondary ionization (eqn (3)) at 1.5–
2.5 M. The citrate dianion HCit2� forms Li2HCit and Mn(HCit)
(i.e. MnC6H6O7$H2O) with Li and Mn respectively, and MnC6-
H6O7$H2O is a chelate with poorly solubility.37 Fig. 5a describes
the reaction mechanism involved in this leaching process.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The leaching reaction of C6H8O7 and metal ions consists of
two steps: (1) breaking of M–O bond at the interface of liquid
and solid under protons; (2) complexation of citrate anion and
metal ions. The leaching of metal Li and Mn in solution
depends on not only concentration of H+ but also anionic forms
of selected organic acids.38 At high acid concentration, the
ionization of citrate anion was inhibited, which then affects the
complexation of citrate anion and metal ions, due to the pres-
ence of numerous H+ in leachate aer leaching processes.
Appropriate acid concentration leading to increased pH value of
leachate is helpful to complete ionization of C6H8O7 to provide
system with more carboxyl groups to complex the metal ions.

Based on a structural study of Mn(C6H6O7)$H2O in other
reports, as for the formation of Mn(C6H6O7)$H2O in this study,
it can be speculated that hydrogen ions combine with O atoms
to formMn–H2O structure containing a water molecule through
the formation of electron pair, when excess hydrogen ions in 1.5
to 2.5 M citric acid solution are provided to disturb Mn–O
bonds, and then the citrate dianion chelates to the Mn atom
through the a-hydroxyl, the a-carboxyl and one b-carboxyl O
atom, leading to tridentate ligand Mn(C6H6O7)$H2O with a free
b-carboxylic acid group. The bonded O atom of each a-carboxyl
in Mn(C6H6O7)$H2O units further coordinates with an adjacent
Mn atom, while the other O atom of this carboxyl group is
strongly bonded to another Mn atom. Finally, a helical chain is
formed at the molar ratio of Mn/H3Cit ¼ 1 : 1 due to a-carboxyl
as a bridging ligand.39 The tight crystal structure is achieved by
hydrogen bonds between neighboring chains. Fig. 5b describes
the above coordination and consolidation for a series of atoms,
indicating all processes of nucleation, growth, and aggregation
of particles were completed in a supersaturated environment,
which corresponds to cluster morphology in SEM images shown
in Fig. 3b–d.
RSC Adv., 2022, 12, 23683–23691 | 23687
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Fig. 7 SEM images of the resynthesized LMO samples calcined at (a)
600 �C, (b) 700 �C, (c) 800 �C and (d) the single spinel LMO700
particle.
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3.5 Characterization and electrochemical testing of the
resynthesized LiMn2O4

The XRD patterns of the resynthesized LMO samples calcined at
600–800 �C were shown in Fig. 6. All the samples corresponding
XRD patterns revealed the typical diffraction peaks of the spinel
LMO with a space group of Fd�3m, and without any impurity
peaks. Among all the samples, the LMO700 sample possessed
the strongest and sharpest diffraction peaks, indicating the
crystallization of samples calcined at 700 �C was relatively good.
The lattice parameters of LMO600-800 obtained from Rietveld
analysis of these XRD are listed in Table S2† and were increased
with the increase of calcined temperature. The (111) peak of
sample LMO800 showed a small shi to the le, which corre-
sponded to an increase in lattice parameter from 8.20 to 8.23 Å
and an increase in lattice volume from 551.9 to 557.75 Å3. The
crystal parameters and cell volume of LMO700-800 sample were
signicantly greater than those of the LMO600 sample, which
may supply faster Li+ movement in three-dimensional channel
and better electrochemical performance.4,40

The effect of calcined temperatures on the micro-
morphologies of resynthesized LMO was observed by SEM. As
shown in Fig. 7a, only a few particles in LMO600 sample had
regular spinel morphology and the agglomeration was serious,
indicating the crystallinity of sample is poor. Fig. 7b and c show
the SEM images of LMO700-800 sample, which possessed more
spinel morphologies compared with LMO600 sample, facili-
tating to improve electrochemical performance. However,
a certain degree of agglomeration was observed in the samples
calcined at 800 �C, making the non-uniform dispersion of
particles. Samples calcined at all three temperatures suffered
from a non-uniform particle size distribution, with particles
ranging from micrometer to nanometer scale. Studies have
shown that nanostructured cathode materials can increase the
contact area between the active cathode material and the elec-
trolyte, providing superior electrochemical properties over
ordinary materials.41–43 Moreover, partial amorphous particles
of small sizes were observed, which is attributed to inadequate
time during the calcination process. It is noted that trace Al was
detected and uniformly distributed like Mn element and O
element when using EDS to verify the element distribution in
the samples, as shown in Fig. 8. The presence of trace Al may
Fig. 6 XRD patterns of LMO sample calcined at 600 �C, 700 �C,
800 �C.

23688 | RSC Adv., 2022, 12, 23683–23691
result from incomplete separation of cathode active materials
and Al foil as a current collector, as previously shown (Table
S1†), the LMO obtained pretreatment still contained 0.9 wt% of
Al impurities.

To systematically evaluate the electrochemical performance
of resynthesized LMO sample, a series of electrochemical tests
were performed from 3.0 to 4.5 V (Fig. 9). Fig. 9a shows that the
initial discharge capacities of LMO600-800 sample at 2C rate
were 58.11, 87.85, 84.33 mA h g�1 respectively, and the capacity
retentions of that aer 100 cycles reached 73.98%, 93.63%,
89.64% respectively. The LMO700 and 800 samples possessed
excellent spinel structure and thus exhibited better cycling
performances than LMO600 sample. The calcined samples at
600 �C lacked regular spinel structure, leading to an obstruction
of Li+ movement to exhibit low discharge capacity and fast
capacity fading, and these results are consistent with the anal-
ysis of XRD and SEM. The rate performance of LMO700 sample
Fig. 8 EDS images of resynthesized LMO700 sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 EIS plot of LMO700 sample.

Fig. 9 Electrochemical performances of resynthesized LMO sample.
(a) Discharge capacities of LMO600-800 sample at 2C, (b) rate test, (c)
initial charge–discharge curves (d) CV curves of LMO700 sample.
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was studied (Fig. 9b) to further analyse its electrochemical
performance. The reason why discharge capacity decreased with
the increase of current density is that electrochemical polari-
zation is enhanced under high current density, causing blocked
diffusion of Li+ and incomplete electrochemical reactions.4,13,44

The LMO700 sample was charged and discharged at 1, 2, 3, 5
and 10C for cycling and then back at 1C, and found that the
capacity has no decay, showing excellent cycling performance.

Fig. 9c and d were initial charge–discharge and CV curves of
LMO700 sample, respectively. There are two plateaus in charge–
discharge process, corresponding to the realization of two-
phase reaction (eqn (5) and (6)) of Li+ intercalation and extrac-
tion in electrochemistry.44,45 Two pairs of redox peaks were
observed in CV curves of LMO700 sample, showing intrinsic
reduction peaks at 4.14 and 4.25 V and oxidation peaks at 3.89
and 4.05 V. These peaks further demonstrate the two-phase
reaction of Li+ intercalation and extraction.46

Mn2O4 + xLi+ + xe� # LixMn2O4 (5)

LixMn2O4 + (1 � x)Li+ + (1 � x)e� # LiMn2O4 (6)

The impedance plot of resynthesized LMO sample (Fig. 10)
exhibited typical Nyquist characteristics, a semicircle at middle
and high frequency representing Li+ charge transfer resistance
(Rct) at the interface, an inclined line in the lower frequency
region representing the Warburg impedance (W), correspond-
ing to the diffusion of Li+ in LMO particles.13,45 The large
resistance value means that the movement and diffusion of Li+

were affected by trace Al. When cathode material LMO is doped
with Al component, Mn atoms are replaced by Al atoms to
occupy the center of octahedron; and strong Al–O binding (Al–O
bind: 512 kJ mol�1; Mn–O bind: 402 kJ mol�1) can reduce the
collapse of spinel structure due to the Jahn–Taller effect,47

improving cycling stability of spinel LMO.45,48,49 However, if the
doped Al component is excessive, Al atoms replace Li atoms in
the tetrahedral sites instead of all entering the octahedral sites
© 2022 The Author(s). Published by the Royal Society of Chemistry
where the Mn atoms are located.50 Thus, in this situation, Al
atoms hinder the channel of Li+ movement and suppress elec-
trochemical reactions in charge–discharge process.45 In a word,
the Al element affected the electrochemical performances of
LMO sample in our work to a certain extent.
4. Conclusions

The secondary pollution caused by use of reagents (especially
inorganic acid) in the process of hydrometallurgical treatment
of spent LIBs cannot be ignored. The use of organic acid like
citric acid may be a promising method in future industrial
applications because it is environmentally friendly while
ensuring satisfactory leaching efficiencies.

(1) The optimal conditions of citric acid leaching LMO were
citric acid concentration of 1.0 M, leaching time of 60 min, and
solid–liquid ratio of 60 g L�1, and more than 94% of metal Li
and Mn could be leached.

(2) Based on XRD, SEM, XPS analysis results, at relatively
high acid concentrations of 1.5–2.5 M, the complex formed by
complexation process of citrate anion and Mn atoms is mono-
hydrate manganese citrate Mn(C6H6O7)$H2O, which is poorly
soluble.

(3) By analysing the reactionmechanism of C6H8O7 and LMO
and the formation of Mn(C6H6O7)$H2O in leaching process, it is
further conrmed that the leaching of metal ions in organic
acids was related to the type of anion ionized from the selected
acid in the solution.

(4) The initial discharge capacities of LMO600-800 sample at
2C rate were 58.11, 87.85, 84.33 mA h g�1, and the capacity
retention aer 100 cycles were 73.98%, 93.63%, 89.64%,
respectively. Rate performance test also showed that LMO700
sample has good cycling performance. The electrochemical
performances of resynthesized LMO samples are affected by
trace Al in leachate, which is attributed to the fact that in the
process of Li+ movement, an appropriate amount of Al inhibits
the Jahn–Taller distortion of spinel structure.

(5) Two routes for recycling waste LMO can be proposed in
this study. The rst route is to leach and chelate cathode
RSC Adv., 2022, 12, 23683–23691 | 23689

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04391b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
2:

30
:4

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
materials with citric acid from spent LIBs, and then new
cathode materials can be synthesized by sol–gel process. The
appropriate control of impurities and the particle size distri-
bution of resynthesized cathode materials contribute to
improved electrochemical performances. In addition, based on
the formation of precipitate Mn(C6H6O7)$H2O, the following
scheme can also be considered. LMO is leached using citric acid
(as leaching and precipitant agent) with high concentration to
separate Mn, as in the case of oxalic acid to recycle LiCoO2,
metal Li in solution is then extracted by other methods.
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