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Abstract

Spherical LiMn, sNi, s0,(LMN) spinel materials with Co or Al doping were synthesized using coprecipitation technique
and the dopants’ impacts on cathode performance were explored. While both dopants were conducive to the capacity reten-
tion of LMN spinel, aluminum was more effective. Cobalt doping also helped increase the discharge capacity of control
spinel, unlike aluminum. Core—shell-structured materials with Co-doped core and Al-doped shell segments were synthesized
with the aim to create synergy between two dopants. Indeed, the best cathode performance in terms of lithium capacity
and cyclability was reached with core—shell material. The best cathode material denoted as CS 3-1 had a first cycle lithium
capacity of 133.1 mAh g~! and exhibited capacity fade rate of 0.08% per cycle. X-ray diffraction and FTIR studies revealed
that all cathode materials were single phase and spinel type with Fd3m space group. Focused-ion beam (FIB) and Scanning
Electron Microscope photos showed that spinel materials were made of distinct spherical particles 3—4 pm in diameter. The
core—shell structure was also substantiated with the photos. Energy dispersive analysis confirmed that constituent elements
Mn, Ni, Co and Al had a homogeneous distribution within spherical particles. Electrochemical impedance spectroscopy
results showed that Al doping on the surface was beneficial to reducing impedance growth, thereby explaining the better
cyclability and rate performance of these cathodes.
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1 Introduction

Lithium-ion batteries are the most widely adopted electro-
chemical energy storage technology. They are expected to
maintain their lead over other battery technologies in the
future thanks to their long cycle life, specific energy and
power densities. Ni and Co-heavy cathode materials such
as LiNij 4Co, ;Mn, ;O,, LiNi,;;Co,,sMn,;;0, (NMC) and
LiNi; 3Coy ;5Al; 050, (NCA) dominate the electric vehicle
and portable electronics sectors as they offer high energy
densities with excellent cycling stability [1-5]. However,
the production costs of batteries are bound to rise due
to escalating price increases in nickel and cobalt ores in
the past years. On the other hand, manganese is one of
the cheapest elements used in lithium-ion batteries and
Mn-based cathode materials constitute a good alternative
to above mentioned cathodes. Spinel-type LiMn, sNi; sO,
(LMN) is the most promising one in this group of mate-
rials and has been extensively studied in the last decade
[6-8]. Thanks to its high operating voltage of 4.7 V and
theoretical gravimetric capacity of 147 mAh g™, its spe-
cific energy density of 690 Wh kg~! can rival those of
NMC and NCA battery materials. Despite its low cost,
easy synthesis and high energy density, LMN has not been
used in a commercial product so far since its cyclability
does not extend beyond a few hundred cycles, with the
situation getting much worse when the cell operates above
50 °C [9, 10].

A few reasons have been suggested in the past to explain
the origin of poor cycling stability. They included oxida-
tion of electrolyte above 4.3 V and subsequent formation
of an insulating layer on spinel particle surface, degrada-
tion of surface layer of spinel particles due to attack from
hydrofluoric acid and metal dissolution into liquid electro-
lyte. The remedies to deal with such mechanisms included
engineering of surface chemistry with dopants [11-14],
coating of spinel material with a thin layer of passive
oxides [15-21], altering the microstructure of active mate-
rial to control its interaction with liquid electrolyte [22,
23] and using electrolyte additives to control the thickness
and chemical composition of cathode-electrolyte interface
[24, 25].The common idea in all these measures might
be related to protecting cathode surface against harmful
reactions with organic electrolyte. The surface coating
techniques using wet chemistry or a vapor phase deposi-
tion lack practicality and are not suitable for mass produc-
tion yet. The addition of electrolyte additives might cause
undesirable effects on the anode side and needs extensive
experimentation. On the other hand, the use of dopants
whether in the bulk or on the surface is a much more fea-
sible option as the addition of small amount of dopant
does not require modification of existing synthesis method.
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Several dopants including Co [26], Cr [27], Al [28], B
[29], Mg [30], Fe [31], Si [32], Mo [33], Ti [34] and Zr [35]
have been shown to enhance the cycling stability and rate
performance of LiMn, sNi, O, cathode material. Even dual-
doping strategy with Cu-Al [36], Mg-Y [37], Mg-Si [38],
Cr-Nb [39] and Ti-La [40] couples were utilized to create
synergy between different elements. However, a core—shell
structure where the bulk and the shell of LiMn, sNij; 50,
spinel material is doped by different elements has not been
reported so far to the best of our knowledge.

In this study, we experimented with Co and Al doping
of LiMn, 5Ni, sO, both individually and in combination.
Cobalt element was chosen for the core of spinel cathode
since it is electrochemically active around 4.7 V similar to
nickel, thereby not hurting the specific capacity of the cath-
ode material. As for the shell component, aluminum ele-
ment was selected since it is well known to have a positive
role in the capacity retention of LiMn, sNi, O, and other
cathode materials [41, 42]. Coprecipitation synthesis tech-
nique was chosen to produce spinel cathode materials as it
is well suited to control the distribution of various elements
from core to surface. This advantage enables researchers
to prepare core—shell structures with different characteris-
tics. Our initial battery tests showed that Co doping into
LMN (LiMn, 5Nig 45C0y 45O,) was helpful to boost discharge
capacity while Al doping (LiMn 4;5Nij 475Al, (5s0,) had a
positive impact on capacity retention in line with our ear-
lier expectations. A core—shell structure having synergetic
coupling of Co-doped bulk and Al-doped shell exhibited
the best performance in terms of capacity, cyclability and
rate capability.

2 Experimental
2.1 Preparation of metal carbonate precursors

In order to prepare LiMn,sNi;;0, (LMN),
LiMn, sNig 45Co0( 9504 (LMNC) and
LiMn, 4;5Nij 475Al) 5O4(LMNA) cathodes, their precursor
materials of Mny, ;5Ni; ,5CO5; Mny 75Nig 2,5C0( (,5CO5 and
Mny, 755Ni 24Al 12sCO5 were initially synthesized by copre-
cipitation technique. A total of 0.02 mol of metal sulfate
or nitrate salts (MnSO,-H,0, NiSO,-6H,0, CoSO,-7H,0,
AI(NO;);-9H,0) was dissolved in deionized (DI) water.
The final volume was adjusted to 10 mL (solution A). In
another solution, 2.72 g of Na,CO;-H,0 (=0.022 mol) was
dissolved in DI water with the final volume again brought
to 10 mL (solution B). 100 mL of DI water was poured in a
400 mL beaker (solution C) and its temperature was raised to
40 °C. Once the temperature of solution C stabilized, solu-
tion A and B were added into solution C simultaneously at
a feeding rate of 0.16 mL min~'. The solution was stirred



Journal of Applied Electrochemistry (2022) 52:477-486

479

at 800 rpm at all times to avoid settling of particles to the
bottom. After both solutions were consumed, stirring con-
tinued for 4 more hours to produce spherical particles until
the final diameter reached 3—4 um. Later, precursor parti-
cles were sieved and rinsed with 1 L of DI water and put
into drying oven at 120 °C overnight. Core—shell materials
were prepared using the same procedures with the exception
that solution A was split into two parts. The first core—shell
material was synthesized by adding first a total of 0.15 mol
of Mn, Ni and Co salts into solution C followed by a total
of 0.05 mol of Mn, Ni and Al salts (CS 3-1). For the second
core—shell material, 0.10 mol of each solutions was used (CS
1-1). After the carbonate precursors were fully dried, they
were mixed with required amount of Li,CO; and heated to
730 °C in air for 10 h to obtain crystalline spinel materials.
In total, five spinel materials were produced (LMN, LMNA,
LMNC, CS 3-1 and CS 1-1) and analyzed.

2.2 Electrode preparation and electrochemical
testing

In order to prepare positive electrodes, 200 mg of active
material, 25 mg of Timcal Super C45 conductive carbon,
25 mg of Polyvinylidene fluoride and 1.5 g of N-Methyl-
2-pyrrolidone (NMP) solvent were put inside a vial. After
magnetically stirring the mixture for 1 h at 500 rpm, about
20 mg of the slurry was cast onto pre-cleaned 1 cm? Alu-
minum foil. The slurry was dried by removing the solvent
at 120 °C overnight. The active material loading ended up
to be about 2 mg cm™2. 2032 type coin cells were prepared
in an Argon-filled glovebox with H,O and O, levels under
1 ppm. The cells contained 1 M LiPFy in EC-DMC elec-
trolyte, Lithium counter electrode and Whatman glass fiber
paper separator. The cells were charged and discharged at a
constant current density of 50 mA g~! (C/3) between 3.0 and
4.9 V vs. Li metal for 80 cycles. For rate study, fresh cells
were discharged four times at C/3, 1C, 3C, 6C and C/3 in
sequence. Following the end of rate study, electrochemical
impedance spectroscopy analyses of coin cells were per-
formed by applying 10 mV of AC voltage at fully discharged
states.

2.3 Material characterization

Phase analysis of spinel materials was performed using
PANalytical Empyrean X-ray diffractometer using CuK
radiation. The diffraction patterns were gathered between
20=10° and 70° using a scan rate of 2° min~'. Infrared
spectroscopy (Jasco FT/IR-6700) was utilized to determine
the space group of spinel materials. The morphological fea-
tures of precursor and spinel materials were investigated
with Quanta 200 model field emission scanning electron
microscope (FESEM) operated at 20 kV. Energy dispersive

spectroscopy (EDS) attached to ZEISS Supra 55 FESEM
was used for elemental mapping. For Inductively Coupled
Plasma-Mass Spectroscopy (ICP-MS) measurements, the
precursor materials were initially dissolved in a mixture of
HNOj; and HCI acids under heating and pressure. After full
dissolution of solid materials, the analysis was carried out
with NEXION 2000 P (Perkin Elmer).

3 Results

The X-ray diffraction patterns of all five spinel materi-
als are plotted in Fig. 1a. All of the major peaks can be
assigned to LiMn, 5Ni; sO, phase with JCPDS Number of
80-2162. However, two small peaks around 33° and 56° can
be noticed in CS 3-1 spinel. These peaks were assigned to
Li,O, which probably resulted from the decomposition of
unreacted Li,CO; during calcination step. Another small
peak around 16° in CS 1-1 remains unidentified.
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Fig.1 a X-ray diffraction spectra of five spinel materials and b their
FTIR profiles
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LiMn, 5Ni, 5O, is known to adopt two different space
groups, namely cation ordered P4,32 and disordered Fd3m,
depending on material composition, synthesis temperature
and ambient oxygen pressure during heat treatment [43—46].
There are plenty of studies in literature that demonstrated
that Fd3m outperforms P4;32 in terms of cyclability and
high rate performance [47-49]. In order to rule out the role
of space group among our materials, Fourier transformed
infrared spectra (FTIR) of all materials were collected to
identify the available phase and displayed in Fig. 1b. For
comparison, FTIR spectrum of a P4;32 spinel is also pro-
vided. The ratio of two peaks at 621 cm~! and 582 cm™! was
used previously as an indicator to distinguish two phases
[43, 50]. It is seen clearly that all five spinels belong to Fd3m
space group and space group will not be a factor in compar-
ing their electrochemical performance.

The morphological features of spinel materials were
studied using scanning electron microscope (SEM). The
photos of cathode samples that belong to LMN, LMNA
and LMNC spinels are shown in Fig. 2a—c. All particles are
spherically shaped and have an average diameter of 3—4 pm.
The tetrahedra-shaped primary crystals peculiar to spinel
structure are noticed on the surface of LMN and LMNC

samples. The surfaces of these samples also appear porous.
On the other hand, the outer surface of LMNA seems denser
and smoother (Fig. S1). In order to reveal the distribution
of metals within particles, energy dispersive spectroscopy
(EDS) analyses were performed on metal carbonate precur-
sors of LMNA and LMNC materials. The mapping results
are shown in Fig. 3. The Mn, Ni, Co and Al elements can be
seen to be distributed homogeneously within the particles
with no sign of segregation, thereby indicating the success
of coprecipitation synthesis.

SEM photos of core—shell-structured CS 3-1 and CS 1-1
spinels after high-temperature annealing step (i.e., 730 °C)
were also taken and depicted in Fig. 2d—i. In Fig. 2d and e,
CS 3-1 spinel consists of spherical particles 4 um in diam-
eter with narrow size distribution. Based on 3 to 1 mol ratio
of LMNC and LMNA used in the synthesis of this mate-
rial, the thickness of shell layer is calculated to be about
5% of overall particle diameter (Fig. S2). A thin layer with
a thickness of about 200 nm can be noticed on the outer
surface of cracked particle. This number is consistent with
the thickness of a potential LMNA shell layer (i.e., 1/22
of overall diameter). In order to better visualize this layer,
a cross-section view of spherical particle was generated

Fig.2 SEM photos of spinel samples that belong to a LMN, b LMNC, ¢ LMNA, d—f CS 3-1 and g-i CS 1-1
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(a

(b)

Fig.3 EDS elemental mappings of metal carbonate precursors
belonging to a LMNC and b LMNA spinels

using Focused-ion Beam (FIB) technique. The image from
this analysis is given in Fig. 2f. The core of the sample is
composed of 50-100 nm in diameter individual particles
coalesced together during coprecipitation synthesis. Small
pores can be observed in the core, thereby suggesting that
the high-temperature annealing step did not result in appre-
ciable fusion of smaller particles. On the other hand, there
is a discernible shell layer reaching a thickness of 200 nm,

indicating that core—shell structure was not destroyed after
high-temperature heat treatment. This value agrees well
with previous SEM photo, supporting the argument that a
core—shell structure indeed exists. As a final note, this shell
layer seems to lack any porosity as opposed to the core of
the particle, highlighting the good contrast between LMNC
and LMNA layers.

In order to study the impact of core—shell ratio on bat-
tery performance, CS 1-1 spinel with thicker shell layer was
synthesized as well. Since the mole ratio of core LMNC to
shell LMNA was 1, the thickness of shell layer is calculated
to be 10% of particle diameter (Fig.S2). The SEM images
of CS 1-1 heat treated at 730 °C are shown in Fig. 2g—i. The
photos with broken particles were intentionally chosen to
view and distinguish core—shell structure. The spinel par-
ticles are spherical and 3—4 um in diameter. An excellent
contrast between core and shell sections is easily noticed
again. The shell layers, similar to CS 3-1, seem to be dense
unlike porous core segment. Also, as expected, the shell
thickness is about 300-400 nm and corresponds to 1/10 of
overall diameter. This observation is in excellent match with
thickness calculations.

The elemental compositions of five spinels were meas-
ured using ICP-MS method. Table 1 includes the starting
compositions and ICP-MS measurement results. The con-
centrations of Mn, Ni and Co elements are within 5% of
originally targeted values, thereby exhibiting good chemistry
control. On the other hand, the percentage of Al is about half
of intended numbers. However, the fact that Al deficiency is
present in all samples makes direct comparison of LMNA,
CS 1-1 and CS 3-1 spinels possible.

The lithium capacity of spinels and the redox reactions
were determined by applying constant charge and discharge
currents between 3.5 and 4.9 V vs. Li metal. The voltage
profiles of all spinels in the first cycle are plotted in Fig. 4.
All cathodes exhibit electrochemical activity around 4.1 V
and 4.7 V regions. The activity within 4.1 V and 4.3 V range
is due to Mn** <> Mn*" redox couple [51, 52]. Even though
the starting compositions of spinels were charge balanced
to avoid Mn>*, the appearance of Mn** in the final spinel
lattice still took place due to oxygen loss from spinel dur-
ing high-temperature annealing. The activity in high volt-
age section is attributed to Ni** <> Ni** transitions [52]. As

Table 1 ICP-MS elemental
analyses results of five spinel

Name of cath-

Chemical composition of cathode sample

ICP-MS results

> ode sample -
materials Mn Ni Co Al
LMN LiMn, 5Ni; 50, 1.496 0.504 - -
LMNC LiMn, 5Ni 45C0( 0504 1.466 0.479 0.055 -
LMNA LiMn, 475Nij 475A1 0504 1.488 0.488 - 0.024
CS 1-1 0.5 x LMNC+0.5 x LMNA 1.477 0.475 0.035 0.013
CS 3-1 0.75 x LMNC +0.25 x LMNA 1.479 0.466 0.048 0.007
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shown clearly in the inset of LMN spinel, this transition
happens in two steps; namely Ni?* <> Ni** below 4.70 V
line and Ni** <> Ni** above it. Similar to Ni**, Co** is also
electrochemically active and its appearance is most visible
in the voltage curves of CS 3-1 spinel. The inset shows that
the oxidation of this ion to Co** takes place at 4.735 V and
reduction back to Co** occurs at 4.705 V.

The control LMN cathode reaches a first cycle discharge
capacity of 130.5 mAh g~! with a coulombic efficiency (QE)
of 83%. In Co-doped LMNC, discharge capacity rises to
134.1 mAh g~! and QE improves to 85.4%. The positive
impact of cobalt addition might be based on dual use of
electrochemically active elements. The discharge capacity
is lowered to 124.6 mAh g~! in Al-doped LMNA. Since
AIP* is not an electrochemically active ion, its use creates a
dead weight in the lattice, thereby lowering specific lithium
capacity of spinel material. On the other hand, QE in the

first cycle reaches its highest value of 88.2% with LMNA
cathode. As the origin of poor coulombic efficiency in high
voltage spinel materials is partly due to undesired electrolyte
oxidation over spinel surface, Al doping might be beneficial
in reducing such side reactions.

The coin cells underwent overall 80 charge and discharge
cycles and the discharge capacity, percentage capacity
retention and QE numbers gathered from these cycles are
plotted as a function of cycle number in Fig. S5a—c. Based
on first and last cycle discharge capacities, the percentage
capacity retention values of LMN, LMNC and LMNA spi-
nels are 86.5%, 89.8% and 91.9%, respectively. A similar
trend is also noticed in coulombic efficiency data as well.
In summary, cobalt doping had the most positive effect in
boosting lithium capacity and aluminum doping enhanced
coulombic efficiency and capacity retention over extended
cycling. In the light of these results, a core—shell structure
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with Co-doped core and Al-doped shell was devised. This
concept would create a synergetic coupling of LMNC and
LMNA spinels with improved cathode behavior in all param-
eters. Specifically, the core of the material would be made of
higher capacity spinel while the shell of the material offers
increased protection against liquid electrolyte.

The core—shell-structured CS 3-1 and CS 1-1 cathodes
have first cycle discharge capacities of 133.1 and 129.8 mAh
g~ !, respectively. The lower discharge capacity of the latter
is due to thicker outer LMNA shell. The first cycle cou-
lombic efficiency is 85.5% for CS 3-1 and 86.3% for CS
1-1. These numbers are in close proximity of regular LMNA
and LMNC spinels and better than control LMN cathode.
The coulombic efficiency numbers of all five spinels sta-
bilize around 97-98% on extended cycling. On the other
hand, a significant improvement in the cyclability of spinel
cathode is obtained with core—shell materials. The capac-
ity loss after 80 cycles is reduced to 6.4% in CS 3-1 and
7.8% in CS 1-1 samples. The lowest fading rate attained with
CS 3-1 corresponds to -0.08% loss per cycle. Even though,
the percentage capacity retention values of both core—shell
materials are slightly better than LMNA spinel, they also
provide much larger lithium capacities. This fact proves that
core—shell materials create a synergy and provide the best
performance. Another point to be made is that the thick-
ness of outer LMNA layer needs to be optimized since its
excessive use hurts battery performance as observed with
CS 1-1 spinel.

The rate capability of cathode materials were compared
using sister cells. The cells were discharged at C/3, 1C, 3C,
6C and C/3 in sequence while spending 4 cycles at each
current density. The charge current was kept C/3 at all
times. The normalized capacities of five spinel materials
with respect to C/3 rate are plotted in Fig. 5d. The Al-doped
materials appear to have the best rate performance. Among
the Al-doped electrodes, core—shell-structured CS 3-1 is the
best and the distinction among CS 3-1, CS 1-1 and LMNA
becomes more apparent at higher discharge current densi-
ties. On the other hand, undoped LMN exhibits the worst
rate performance and LMNC lies in the middle. The ratio
of the capacity at 6C to the one at C/3 is 0.80-0.88 in cases
of Al-doped cathodes. The same numbers are 0.72 and 0.56
for LMNC and bare LMN, respectively. The positive effect
of Al doping on the rate performance of LiMn,; 5sNi; sO,
was reported previously [53]. The authors based this per-
formance difference on improved electronic conductivity
upon doping and morphological differences, citing higher
interparticle boundary resistance in bare LMN. It was men-
tioned previously that the surfaces of Al-doped LMNA, CS
1-1 and CS 3-1 powders are much denser than those of LMN
and LMNC powders. Such dense surface structure could
possibly result in improved electronic and ionic conductivi-
ties in favor of Al-doped materials due to lesser degree of
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interparticle resistance. In order to confirm this, impedance
spectroscopy analyses of cells were conducted at the end of
rate protocol and their Z-plots are displayed in Fig. 6. The
intercept at Z' axis in high frequency corresponds to elec-
trolyte resistance (R,) and the semi circle in middle-to-low
frequency range refers to charge transfer resistance (R,) of
the solid electrode. It is seen unambiguously that Al-doped
cathode materials have noticeably smaller R, than LMNC
and LMN. Specifically, the R is around 150 Q for CS 3-1
and LMNA, 165 Q for CS 1-1, 190 Q for LMNC and 250
Q for bare LMN. The positive correlation between rate
capability and charge transfer resistance supports the above
hypothesis that porous vs. dense surface morphology might
account for the rate performance difference between cath-
ode materials. Besides the morphological differences, the
structural changes upon Al doping should also be considered
as a source of impedance. It is known that the most outer
5-10 nm layer of cathode materials can undergo phase trans-
formations due to atomic rearrangement of transition metals
at high voltages, resulting in metal dissolution from cathode
material [54]. Due to the higher strength of Al-O bonding,
Al doping might help stabilize spinel lattice, thereby mitigat-
ing impedance growth.

4 Conclusion

LiMn, 5Ni, sO0,(LMN) spinel is one of the most promising
alternative lithium-ion battery cathodes owing to its reli-
ance on cheap and abundant manganese ores as well as very
easy synthesis requirements. In this study, we investigated
the effect of Co and Al dopants on cathode performance
and found out that the most notable contribution of cobalt
was to increase discharge capacity while aluminum doping
helped both cyclability and rate capability. By incorporating
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Fig.6 Z-plots of five spinel electrodes
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these two elements in a core—shell structure, a synergy was
formed. This new material contained a bulk with larger
lithium capacity and a surface with better stability. The
core—shell materials exhibited better performance than con-
trol and individually doped spinel cathodes. Our future work
will concentrate on the optimization of shell layer thickness
and composition where the use of other elements such as B
and Mg will be also explored.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10800-021-01653-y.
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