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Abstract

A simple solvothermal route was successfully implemented for fabrication of Li-rich Mn-based layered cathode
Li, ;5sNig ;5C0p ;sMng ;M 0,0, (LMLC) materials through incorporation of different trivalent cations (M>*: AI**, Cr** or
Fe**). The structural properties of mixed solid solution of rhombohedral LiNiO, phase and monoclinic Li,MnOj; phases
were checked by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). LMLC-Fe sample shows the highest
coercivity Hc value of about 198.1 Oe, and the lowest dielectric constant €, about 74. LMLC-Cr sample exhibits the lowest
activation energy (E,=0.163 eV) for electric conduction as a result of the smallest cell volume and particle size. LMLC-Al
electrode material delivers the highest initial charge and discharge capacity of about 140 and 104 mAh/g at 0.1 C, respec-
tively maintaining around 70% of the initial capacity at 0.1C. Both LMLC-Al and LMLC-Cr samples show better high rate

capabilities than that of LMLC-Fe sample.
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1 Introduction

The accelerated development of electric vehicles (EVs)
and hybrid electric vehicles (HEVs) as well as the instal-
lation of huge renewable energy power plants has enforced
the need to high energy density batteries mainly lithium-
ion batteries [1, 2]. Considering that, the Li-rich layered
cathode materials have been extensively investigated and
attracted higher attention than the conventional cathodes
made of LiCoO,, LiMn,0, and LiFePO, owing to their
high storage capacities [3—5]. During the last few years,
the electrochemical performance of Li-rich Mn-based lay-
ered cathode (LMLC) materials xLi,MnOj;-(1-x)LiNiO,
has clearly surpassed that of commercial Ni-rich layered
cathodes materials (NMC) [6-8]. The reason for their
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preference for next generation of EVs can be attributed
to the enhanced structural and thermal stability as a result
of the presence of inactive Li,MnOj;, delivering large
charge-discharge capacities and its lower cost and toxic-
ity [9-11]. However, the solid solution system of LMLC
materials still suffers from some operational problems
such as low initial coulombic efficiency or low electric
conductivity leading to a poor rate capability [12—14].
Huge efforts have been made to overcome all the afore-
mentioned practical difficulties through several strategies
such as surface modifications [15, 16], doping with transi-
tion metals ions [17, 18] and controlling the morphology
of particles [19, 20]. Apparently, previous research studies
demonstrated that the bulk doping with cations like Mg>*
[21], Cr** [22], Zr** [23], AIP* [24], Mo*H0+ [19], V4¥/5+
[25], Ti** [26], Fe** [27] or Sn** [28] would stabilize the
layered material superstructure and significantly hinder
the spinel phase transformation upon cycling [29-31]. In
addition, various preparation wet chemical methods, e.g.
co-precipitation [32], sol-gel [33] and solvothermal [34],
have been employed to prepare different morphologies
of LMLC materials in the nanosized scale to boost the
lithium ions diffusion rate and hence improving the storage
capacity and coulombic efficiency as well. In this view, the
effect of incorporation of a small proportion of trivalent
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metal ions (~ 1%) on the structural, morphological and
electrochemical performance of LMLC materials was
explored as principal objective of this work. Thus, three
samples of Li; ;5Ni, ;5Co ;sMnj ;M O, materials doped
with 1wt% of A1>*, Cr’* and Fe3* trivalent cations were
synthesized via solvothermal technology. The fabricated
electrodes from these materials were investigated by cyclic
voltammetry and electrochemical impedance spectroscopy
to clarify the reaction mechanism. The charge/discharge
experiments were also conducted by applying different
C-rates as well as long-term stability tests.

2 Experimental
2.1 Synthesis of layered metal oxides

A single phase of Li-rich and Mn-based lay-
ered and subsequently doped by trivalent metal-ion
Li, 5Nij ;5Coq 1sMny 7M; 0, nanoparticles, where M:
AIP*, Cr** or Fe’* ions were prepared via simple sol-
vothermal route. A mixture of ethylene glycol (den-
sity = 1.11 g/cm®) and absolute ethanol (1:1, by vol-
ume) serves as organic solvent. The three M-doped
samples Li; 5sNiy 5Co4 sMnj ;Al, ;02 (LMLC-
Al), Li; ;sNij ;5Coq ;sMng ,Crj 9,0, (LMLC-Cr) and
Li; {5Nij 15Coq 1sMn ;Fe 4,0, (LMLC-Fe) were prepared
by adding stoichiometric amounts of lithium nitrate trihy-
drate LiNO;.3H,0 (99.9%, 1.4 g), nickel (II) acetate tet-
rahydrate Ni(CH;CO,),-4H,0, (99.9%, 0.75 g), manganese
acetate tetrahydrate Mn(CH;CO,),-4 H,0 (99.9%, 3.43 g),
cobalt acetate tetrahydrate Co(CH;CO,),-4H,0 (99%,
0.75 g) and either AI(NO;);-9H,0 (99.9%, 0.078 g) or
chromium (III) nitrate nonahydrate Cr(NO;);-9H,0 (99.9%,
0.08 g) or iron (III) nitrate nonahydrate Fe(NO;);-9H,0
(99.9%, 0.08 g) to 120 ml of the solvent mixture. Afterwards
the salts were completely dissolved and the molar ratio of
Li:Ni:Co:Mn:M>* was 1.15:0.15:0.15:0.7: 0.01. The pH of
the three mixtures was adjusted to 9.7 using an ammonium
hydroxide solution (33%) to form the corresponding hydrox-
ides. The formed suspensions were stirred for 15 min to
achieve higher homogeneity. This new homogeneous mix-
ture was then transferred into a closed Teflon container.
The container was heated up to 180 °C (4.5 bar), and after-
wards the temperature was hold for 12 h. Subsequently, the
obtained solvothermal precursor solutions/suspensions were
boiled at 105 °C under ambient pressure to evaporate the
organic solvents. Each dried precursor was then pre-calcined
at 500 °C (4 h) in air. The pre-calcined powders were finally
calcined at 800 °C (3 h) in air and subsequently quenched at
open air conditions. Finally, the as-prepared powders were
intensely ground and subjected to further characterizations.
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2.2 Characterizations

Bruker AXS diffractometer (D8-ADVANCE) with Cu Ka
radiation (1=1.5406 Z\) operating at 40 kV and 10 mA
was utilized to record X-ray powder diffraction (XRD)
pattern. The diffraction scan was done between 26 range
10°-80° with a rate of about 0.5° min~'. The XPS spec-
tra for the LMLC-AI sample were measured using X-ray
photoelectron spectrometer (Thermo Scientific, Model:
K-Alpha surface analysis) equipped with monochromatic
small-spot XPS system to scan spectra in the range of
0-1000 eV using X-ray source—Al Ka source (1=8.339 A)
and calibrated by C 1 s line. The surface morphology and
particle size of the as-prepared nanopowders were exam-
ined by field emission scanning electron microscope (FE-
SEM) using the model QUANTA FEG250 from Genesis,
Holland. The elemental analysis was performed with built-
in unit for energy-dispersive X-ray spectroscopy analy-
sis (EDS). The morphology of the cathode materials was
identified by high-resolution transmission electron micros-
copy (HR-TEM) with a TECNAI G2 S-Twin microscope
operating at 200 kV. The magnetization characteristics of
all samples were measured at room temperature using a
vibrating sample magnetometer (7400-1 VSM, U.S. Lake
Shore Co., Ltd., USA) at maximum applied field 20 kOe.
A thin-film layer of silver suspension ink was coated on
the sintered pellet sides, in order to serve as electrodes for
the dielectric measurements. Dielectric and ac conduc-
tivity measurements were determined in the temperature
range of 300-525 K at 10 kHz using a Stanford Research
RCL Bridge (Model: SR-720). The voltage bias: 2 VDC
(internal) and 0-40 VDC (external).

2.3 Battery assembly and electrochemical testing

All processing steps for the as-synthesized positive elec-
trode materials have been carried out in Argon filled
glove box. The electrode slurry was prepared by mixing
each active material (LMLC-Al, LMLC-Cr or LMLC-Fe)
with carbon black (Super P C 65, Imerys) as conducting
additive and polyvinylidene fluoride (PVDF, Solef 5130,
Solvay Solexis) as binder in mass ratio NCM/CB/PVDF
83/10/7 in N-methyl pyrrolidone (NMP). The formed
homogeneous slurry was coated on Al-foil as current col-
lector and the as-prepared electrodes were dried under
vacuum at 90 °C for (8 h). The cathode material loading
is 4 mg/cm?. Finally, circular electrodes with a diameter
of 12 mm were laser-cut and dried at 90 °C for 24 h under
vacuum. At least three-electrode cells (Swagelok®) with
Li as reference and counter electrode were assembled with
each of the as-prepared electrodes. Freudenberg FS 2190
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served as separator. A commercial carbonate mixture EC/
DMC (1:1) (Sigma-Aldrich) with 1 M LiPF, conducting
salt was utilized as electrolyte. The rate capability tests
and the long-term cycling were carried out between 3.0
and 4.8 V versus Li/Li* with the charge/discharge proce-
dure showed in Table S1 “Supplementary file” by means
of a Maccor 4200 battery tester. Cyclic voltammetry meas-
urements were performed in three-electrode cells as well
in the voltage range of 3.0-4.8 V (vs. Li*/Li) at scan rate
of 10 uVs~! by means of a BioLogic VSP Potentiostat.
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3 Results and discussion
3.1 Structural properties

The as-prepared layered samples (LMLC-Al, LMLC-Cr or
LMLC-Fe) exhibit the same diffraction patterns as shown
in Fig. 1. The XRD results of each composition indicate
the presence of superstructure composed of two different
phases, Rhombohedral phase is appeared as the main phase,
and its peak signatures are matching to the common LiNiO,
layered structure with R-3 m space group (JCPDS card no.
96-0063) [35]. The other minor peaks correspond to the
monoclinic Li,MnOj; phase with C2/m space group (JCPDS
card no. 84-1634) [36]. The crystallographic parameters are
calculated using the integrated software analysis (Topas 4.1)
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Fig. 1 XRD patterns of Li; ;5Nij ;5Co, ;sMng ;Aly 3,0, ; layered samples calcined at 800 °C for 3 h using different cations (a). XPS spectra of

Mn 2P (b), Ni 2P (c) and Co 2P (d)

;ZIr)z:fnLte(r:sr ):)Sftallzlaly(ﬁf:cllpgrcnples Sample ggf;amte size ?jé)o 05) E'Jr(/é)o o) cla (A) V(A LoosyTr04)

prepared via solvothermal _ _

method annealed at 800 °C for 3 1 MpC-Al 120 2.879 14.196 4931 117.666 2.15
LMLC-Cr 74 2.864 14.122 4.931 115.836 1.94
LMLC-Fe 102 2.879 14.195 4.931 117.657 1.34
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and listed in Table 1. The crystallite size (D) was calculated
using the common Scherrer equation D = kA/ficosd, where k
is the Scherrer constant (k=0.89), 1 is the X-ray wavelength,
p is the peak width at half maximum, and @ is the Braggs dif-
fraction angle. The higher the intensity ratio between the two
reflections (003) and (104) than 1.2, the higher is the cation
mixing in the layered LMO, material. Meanwhile, if the
Li003y/1(104) 1atio is below 1.2, a week bonding of transition
elements with Li atoms in the crystal structure is caused [37,
38]. Obviously, the three layered samples exhibited higher
values of [ o3y/1 (104 ratio above 1.2 and LMLC-Al electrode
material showed the highest value of about 2.15, which sug-
gest high degree of transition elements occupation inside the
Li-O layers. Moreover, the appearance of well separated
peaks corresponding to (101) and (006) planes indicates the
formation of the well crystalline layered Li,MnO; struc-
ture of (Li[Li,;Mn,;;]O,) type. Basically, the combination
of these two different crystal structures could be possible
at the atomic level as the close packed layers have similar
interlayer spacing; thus their integration on molecular level
is deeply observed in the present case [39, 40]. Accordingly,
a successful formation of complex structure was achieved by
the proposed solvothermal technique. The calculated average
crystallite sizes are about 120, 74 and 102 nm for Al-, Cr-
and Fe-doped LMLC layered structures, respectively. Thus,
the significant decrease in the crystallinity of LMLC-Cr and
LMLC-Fe could be attributed to the decrease in the crys-
tallinity and crystallite size. It is indicated that LMLC-AI
has the maximum cell volume, while the Cr-doped LMLC
samples possessed the smallest unit cell volume. The rea-
son for increasing the cell volume of LMLC-Al>LMLC-
Cr>LMLC-Fe because atomic mass of Al (27 u) is lower
than Cr (52 u) and Fe (56 u), thus the number of doped
atoms of Al is higher than Cr and Fe leading to more octa-
hedral centers which creates more inter spaces in the struc-
ture resulting in the lattice expansion along a and ¢ axes for
LMLC-ALI and shrinkages in the lattice parameters a and ¢
of LML-Cr. The influence of the trivalent doping cation on
the oxidation state of Mn, Ni and Co can be investigated by
applying the X-ray photoelectron spectroscopy (XPS) analy-
sis for LMLC-AI sample as an example. Figure 1b reveals
the two principle peaks of Mn2ps,, and Mn2p,,, at binding
energies 642.2 and 653.7 eV, respectively. The separation
between these two peaks is about 11.5 eV, which indicates
the presence of Mn** [41, 42]. In addition, the depth XPS
scan of Ni 2p in Fig. 1c displays two strong peaks of Ni2p;,
at 854.3 eV and Ni2p, , at 872.5 eV as a result of Ni** cation
existence. The other mild peaks observed at 856.5, 861.5
and 879 eV provide an additional confirmation for the pres-
ence of Ni?* cations [43, 44]. The observation of the weak
peak at 866 eV signifies the presence of Ni** traces (about
0.5%), which results from the valence degeneracy between
Mn** and Ni** cations through the reversible reaction:
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Mn*t +Ni** < Ni** + Mn3* [45, 46] or due to the effect
of AI** doping. Figure 1d illustrates the Co2p XPS spec-
tra, which shows two main peaks of Co2p;,, and Co2p,,,
at binding energies about 780 and 795.2 eV, respectively.
The observed splitting distance between these two peaks of
about 15.2 eV confirms the existence of Co>* cations (47,
48]. Moreover, the detection of two satellite peaks around
790 and 802 eV gives strong evidence also for Co>* cations
formation [48, 49].

3.2 Surface morphology
3.2.1 Scanning electron microscope

The microstructure of the three powders is shown in
Fig. 2a—e at two different magnifications: 10000X and
30000X. The LMLC samples are homogenous and highly
dispersed and exhibit both rhombohedral (or trigonal
bipyramids) and monoclinic morphologies as detected by
the XRD measurements. The average particle sizes are
(500-1000 nm), (300-500 nm) and (300-700 nm) for Al-,
Cr- and Fe-doped samples, respectively. The observed sharp
edges in each regular particle geometry confirm the suc-
cessful incorporation of doping metal ions without crystal
lattice destruction and reflects the crystallinity improvement
as well. It is worth to mention that the pores and path depths
created between both types of crystal morphologies in each
sample demonstrate good electronic paths for Li ions during
charge/discharge processes.

The EDS analysis of LMLC electrode materials con-
firmed the incorporation of trivalent cations (AI**, Cr3*,
Fe*). It is noticed that Fe>* cation is found to be actually
doped in the LMLC with higher stoichiometric amount
(1.66%) than the intended percentage (1%). Meanwhile, both
APt and Cr** cations are found to be existed in the LMLC
structure with lower percentages 0.42% and 0.68% than the
intended one. The elemental analysis of other elements Mn,
Ni, Co and O in all the three LMLC samples are quite dif-
ferent. The reason for this divergence could be attributed to
the difference in the area exposed to the electron beam and
the thickness of each powder LMLC sample mounted on
the carbon tape could affect on the accuracy of EDS results
(Fig. 3).

3.2.2 Transmission electron microscope

TEM/HR-TEM images with different magnifications for
LMLC crystals, lattice pattern and selected area electron
diffraction patterns (SAED) can be observed in Fig. 4a—i.
The normal TEM images, Fig. 4a, b and c, of both LMLC-
Al (a) and LMLC-Cr (b, c) materials exhibit well crystal-
line nanoplates of rectangular-like shape with different side
dimensions, about 350—400 nm length, 250-280 nm width
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Fig.2 FEG-SEM micrographs of Li, ;sNij ;5CoqsMny; M’ ,0,,; calcined at 800 °C for 3 h: (a, b) LMLC-AI, (¢, d) LMLC-Cr and (e, f)

LMLC-Fe. (Magnification: a, ¢, e: 10 um; b, d, f: 3 um)

and 15-30 nm thickness. Alongside to this, the LMLC-Al
particles have larger size than that of LMLC-Cr particles
suggesting a good agreement with XRD and SEM results.
Actually, the rhombohedral LiMO, and monoclinic Li,MnO;
phases of the LMLC-Fe sample can be easily distinguished
from HRTEM images and SAED patterns, as depicted in
Fig. 4d, e, f, h.

Figure 4d reveals the HR-TEM image for the LMLC-Fe
nanocrystals which indicates the existence of two d-spacing
distances 0.2 and 0.47 nm corresponding to the indexed
planes (104) and (0 O 3) planes, respectively, of LiMO,
lattice pattern [50, 51]. Figure 4e f shows the HR-TEM
analysis for another spot in LMLC-Fe nanoparticles with
lattice fringes of Li,MnOj; (dy,;=0.43 nm) calculated by the
built-in Fast Fourier Transformation (FFT) software. Thus,
the corresponding miller indices of the FFT of LMLC-Fe
composite structure are illustrated in Fig. 4g. Moreover, the
observed and simulated electron diffraction pattern for the
corresponding crystallographic orientations (Miller indices)

of LMLC-Fe nanoparticles is shown in Fig. 4h, i. The ring
pattern is a common type of the diffraction pattern that
explains the existed phases according to the d-spacing (the
radius of each ring) and hkl. It is clear that the bright and
intense rings in SAED are related to rhombohedral LiMO,
phase, while the small and less bright rings correspond to
monoclinic Li,MnOj; phase.

3.3 Magnetic and dielectric properties

As the movement of lithium ions and the transfer of elec-
trons can take place simultaneously. Thus, applying the
localized electrons model is highly preferred due to the fact
that many cathode materials are poor conductors. Therefore,
magnetic properties of the three LMLC samples were tested
in order to investigate the change in the magnetic interac-
tions within transition metal layers by doping with different
trivalent cations which can lead to a change in the orbital
overlapping (d- and —p orbitals) causing a change in the

@ Springer
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ions mobility and electronic properties. Hence, prediction
of electron transfer pathways and characteristics gives an
indication about the electrochemical behavior of multivalent
electrode materials.

The field-dependent magnetization measurements
are conducted at room temperature to study the mag-
netic behavior of LMLC materials as shown in Fig. 5a
and the corresponding data are represented in Table 2.
Weak ferromagnetic behavior was clearly demonstrated
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for the LMLC material. In particular, the magnitudes of
saturation magnetization (Ms) and remanence magnetiza-
tion (Mr) were decreased with increasing ionic radius of
dopant ions Fe** > Cr** > AI’*. However, the coercivity
(Hc) was significantly increased with increasing ionic
radius of metal ions as well as decreasing average parti-
cle sizes and magnetocrystalline anisotropy. The obtained
results showed good consistency with the previous reports
of layered cathode materials [52, 53]. Furthermore, the
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L

Fig.4 TEM images of Li and Mn rich layered samples calcined
at 800 °C for 3 h: a LMLC-AL b, ¢ LMLC-Cr, HR-TEM images
and d-spacings of R-3 m phase (d) and C2/m phase in LMLC-Fe
nanocrystals (e). Fast Fourier Transformation (FFT) of lattice fringes
of C2/m phase in LMLC-Fe nanocrystals (f). The corresponding

ground samples of layered phases were pressed and sin-
tered in air at 830 °C to study the electrical properties
of sintered LMLC materials. The electronic conductivity
measurements are conducted at 10 kHz by using ac imped-
ance spectroscopy technique to unveil the mobility of Li
cations and electrons in the tunnels of layered framework
structures as depicted in Fig. 5b, c. It is found that the
dielectric constant of all samples strongly increases with

T :

R-3mC2/m

w110 113

~«104 131
R, "GOO ""101 130

B0 W I e 3 |

CCCIRTTRT LT L

0
b 4003 001

Miller indices of the FFT of LMLC-Fe composite structure. Observed
and simulated electron diffraction pattern for the corresponding crys-
tallographic orientations (Miller indices) of LMLC-Fe nanoparticles
(h, i)

increasing temperature from 40 to 50 °C. This behavior
directly changed to be decreased with further increase in
the temperature reaching the steady state at 80 °C. Likely,
the dielectric loss of all samples decreased with increas-
ing the temperature from 50 to 90 °C and then start to
increase up to 140 °C. It is obvious that the LMLC-Fe
sample showed the lowest values of both dielectric loss
(tan 6=1.75) and dielectric constant (er=74) at room
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Fig.5 a M-H hysteresis loop of the as-prepared layered samples, b Variation of dielectric constant and absolute 7, ¢ Variation of dielectric loss
and absolute 7, and d Arrhenius plot of electrical conductivity versus reciprocal of absolute 7

Table 2 Magnetic properties of layered samples prepared via solvo-
thermal method annealed at 800 °C for 3 h

Table 3 Electrical and dielectric properties of the sintered pellets of
layered samples at 10 kHz and 298 K

Sample Magnetic properties Samples In 6 AC tan & er Ea (eV)

Ms,emu/g M, emu/g X 102 Hc, Oe M, /M X 1073 LMLC-Al —10.46 23 109 0.199
LMLC-Al 171 65.74 7658 3851 LMLC-Cr —8.73 3.25 89 0.163
LMLC-Cr  1.65 47.43 95.86 28.68 LMLC-Fe —9.53 1.75 74 0207
LMLC-Fe 0.98 40.82 198.10 41.48

temperature and the same dielectric behavior achieved
with rising the temperature. In addition, the LMLC-Al
sample possessed the maximum value of (er) and (tan
) in the temperature range 30-70 °C, and shows moder-
ate values above 70 °C. On the other hand, the common
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Arrhenius relation is implemented to calculate the required
activation energy for electronic conduction in the bulk
structure [54], as plotted in Fig. 5d. Generally, the electri-
cal conductivity linearly increases with rising the tem-
perature from 50 to 150 °C. Accordingly, the LMLC-Cr
sample exhibited the lowest value of activation energy
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(E,=0.163 eV) of conduction as a result of smallest cell
volume and particle size as well. Meanwhile, LMLC-Fe
sample revealed the highest value of activation energy of
conduction (E,=0.207 eV) over the temperature range
(40-160 °C) which might be correlated to the less homo-
geneity in the layered structure and large cell volume.
Table 3 summarizes the electrical and dielectric properties
of the sintered pellets of layered LMLC samples at 10 kHz
and 298 K. The measured LMCL samples showed similar
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electrical and dielectric behavior to that of other layered
cathode materials [55-57].

3.4 Electrochemical examination
3.4.1 Galvanostatic cycling and cyclic voltammetry

The charge—discharge profiles at 0.2C rates for the first four
cycles of LMLC-Al, LMLC-Cr and LMLC-Fe electrode
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Fig.6 Galvanostatic charge—discharge profile for the formation cycle and subsequent three cycles vs. Li*/Li at rate of 0.2C. The corresponding
CVs for the first four charge—discharge processes at scan rate of 10 uV.s™': a, b LMLC-AL ¢,d LMLC-Cr, and e, f LMLC-Fe, respectively
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materials are depicted in Fig. 6a, c and e while the cor-
responding cyclic voltammograms (CV) of LMLC-AI,
LMLC-Cr and LMLC-Fe are illustrated in Fig. 6b, d and f.
It is found that the LMLC-Fe achieves the maximum initial
charge capacity about 165 mAh/g at 1 C which correspond
to 60% of the theoretical capacity. In contrast, LMLC-Cr
achieves the maximum coulombic efficiency about 92.5%
during the subsequent 4th cycle. The reason for this change
can be significantly explained by the cyclic voltammetry
and electrochemical impedance spectroscopy studies. As
visible in Fig. 6b, d and f at the beginning of the first cycle,
from open circuit potential up to 3.7 V, the Mn ions remain
electrochemically inactive, however in the following cycles
between 3.0 V and ca. 3.7 V, the oxidation of Mn3* to Mn**
takes place. This is visible by the broad current peaks from
the second cycle and further in the CV of each material
under study [58]. The Mn** to Mn?** reduction occurs
around 3.4 V.

For all three test samples, it can be noted that oxidation
reactions of Ni2* to Ni** and then to Ni** as well as Co®*
and Co*" during charge are responsible for the first anodic
peaks around 4.0 V [18]. On the cathodic side of the cyclic
voltammogram, this is the reduction of Ni** to Ni** and

Co** to Co*. The sharp peak during the first cycle around
4.6 V is only seen in the samples LMLC-Cr and LMLC-Fe
due to irreversible electrochemical material activation reac-
tion that decomposes Li,MnO; into Li,O and MnO, and yet
oxygen is released. This irreversible reaction causes a crystal
structure transformation of the cathode material according to
the literature also. However, this occurrence has no negative
influence on the electrochemical performance of the cath-
ode, and it is very necessary for the further stable function
of Li-rich cathode materials [59]. The peak is not present
in the 2-nd, 3-rd and 4-th cycle for both materials. Gener-
ally, the subsequent cycles overlap each other, which is an
evidence for a very good electrochemical reversibility of the
as-presented layered cathode materials.

3.4.2 Electrochemical impedance spectroscopy (EIS)

Figure 7a, b illustrates the Nyquist plots for the assembled
LMLC batteries before and after galvanostatic cycling at
0.2 C. In addition, the measured EIS parameters after fit-
ting of the obtained Nyquist plots for all cells are listed in
Table 4. It is revealed that LMLC-AI cell demonstrates the
lowest values for ohmic resistance (R;), while the LMLC-Cr

Fig.7 Nyquist plots for the (a) ™ U 500
LMLC-AL LMLC-Cr or (b) 5 wicer
LMLC-Fe cells at 0.2C rate 600 v ol ¥ MicFe o -
before cycling (a), and after 5004 -
10 cycles (b). EIS equivalent = "
circuit of each cell (c) _ 400 2001 - v
‘C':'E o] <3 g o
N 3004 v £, ] “m
N- 200
o v ¥
200 | B v
o v B LMLCAI Om v
v 100 ~ v
100 o 7 LMLC-Cr 3
VRN o LMLC-Fe
°0 10 o w0 40 so  ew 700 0 100 200 300 400 500
Z (@ Z, @
() Cdl
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Table 4 Electrochemical . Electrode materials R (Q) Rep () Zy (Q.5%9)
impedance spectroscopy fitting :
parameters for the LMLC cells Zerocycle  10thcycle  Zerocycle  10thcycle  Zerocycle  10th cycle
before cycling and after 10th
cycles LMLC-Al 7.5 9.5 46.4 577 321 269.4

LMLC-Cr 7.8 10.3 26.1 39.9 236.8 216.9

LMLC-Fe 10.7 12.6 154.3 2242 434.1 433.7
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cell possesses the lowest resistance values for transport of
charges (R, and lithium ions diffusion (Z,) before and
after cycling as depicted in Table 4. In contrast to that, the
LMLC-Fe cell reveals the maximum values for R, R and
Z,, among the three cells before and after cycling that may
lead to poor electrochemical performance upon cycling at
different current rates or for large number of cycles. The
reason for such behavior because LMLC-Fe sample has the
lowest degree of transition elements occupation inside the
Li-O layers and lowest amount of layered Li,MnOj struc-
ture of (Li[Li,;3Mn,;5]0,) type as previously discussed in
the XRD results.

3.4.3 Rate performance and cycle life

The electrode geometrical area was 1.1 cm?; the active mass
loadings of LMLC-Al, LMLC-Cr or LMLC-Fe were 4.01,
3.67 and 4.93 mg, respectively, and the calculated theoretical
capacities were as follows: 278.4, 277.46 and 277.63 mAh/g.
The practical discharge capacities from selected test cells of
the three cathode materials as a function of the C-rate are
presented in Fig. 8. The coulombic efficiencies during the
formation cycle were about 69, 60 and 50% for LMLC-Cr,
LMLC-AIl and LMLC-Fe, respectively. The low coulombic
efficiency of the layered NCM electrodes is well described

200 200

in the literature [60—63]. However, a low initial coulombic
efficiency after formation is not a necessary prerequisite for
bad electrode performance, since it usually rises in the sub-
sequent cycles, reaching 90-99%, as it was also in the case
at hand.

In the initial cycle after formation, the mean discharge
capacities at 0.1C were 104, 93 and 95 mAh/g for LMLC-
Al, LMLC-Cr and LMLC-Fe cells, respectively. At 1 C the
LMLC-Al and LMLC-Cr materials maintained around 70%
of their initial capacity at 0.1C while the LMLC-Fe exhib-
ited capacity fade down to ca. 60%. Generally, during the
galvanostatic tests all the layered M-doped LMLC cathode
materials showed around 65% lower capacities than the the-
oretically calculated and a relatively poor rate capability,
particularly after 2C discharge rate (Fig. 8).

Figure 9 shows the subsequent long-term cycling (500
cycles) performances at 1C/2C of charge—discharge rate.
During the long-term cycling the LMLC-Fe cathode showed
the highest capacity decline down to zero, already after 360
cycles. This result is also in accordance with the measured
EIS, where it was found that the cell with Fe-doped LMLC
showed the maximum charge transfer resistance and a rela-
tively poor Li* ion diffusion between the electrolyte and
electrode surface. The capacity of LMLC-AI after 500 cycles
faded to 7% of the initial one, before the galvanostatic C-rate
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Fig.8 Rate capability tests with formation cycle: a LMLC-Al, b LMLC-Cr, and ¢ LMLC-Fe
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Fig. 10 Mean discharge capacities at different C-rates for LMLC-AI,
LMLC-Cr and LMLC-Fe cells. The letter F refers to the formation
step or initial charge/discharge

tests. Meanwhile, the LMLC-Cr maintained approximately
10 mAh/g after 500 cycles, which corresponds to ca. 10% of
the initial capacity before the C-rate testing.

According to the galvanostatic tests, the Al-doped LMLC
cell exhibits the highest capacity after formation, until 0.1C.
Thereafter, its capacity output mostly overlaps with those
of LMLC-Cr up to 4 C and both materials perform gener-
ally better as the LMLC-Fe. The higher the C-rate, the less
the capacity difference between the samples as displayed
in Fig. 10. The compared results of mean discharge capaci-
ties at different C-rates are in a good agreement with CV
and EIS measurements. The excellent storage capabilities of
LMLC-AL at initial cycles and lower C-rates correspond to
the highest occupation of Li—O layers in the Li,MnO; struc-
ture resulting in large extent of lithium ion extraction. The
improved electrochemical behavior for LMLC-Cr cathode at
higher C-rates could be assigned to the smallest crystallite/
particle size and high electronic conductivity as well as the
enhanced diffusion of lithium ions [64, 65].

4 Conclusions

The present study successfully employed the facile pro-
cessing of three kinds of LMLC materials via solvother-
mal method. The as-prepared electrode materials were
comparatively inspected for their crystal structure, chemi-
cal composition and microstructure through the advanced
characterization techniques e.g. XRD, XPS, FE-SEM and
HR-TEM. The results indicated that doping of LMLC with
very small percentage of AI** causes significant increase
in the crystallite size and cell volume which enable host-
ing larger extent of Li—O layers in the layered framework
structure. Moreover, as Cr-doped LMLC material exhibited

@ Springer

the smallest particle size, it also demonstrated the best elec-
tronic and ionic conductivity. Although LMLC-Fe recorded
the highest Hc value, it also possessed the lowest Ms and
Mr values. The Al-doped LMLC layered cathode indicated
an improved electrochemical storage behavior during initial
formation cycles due to the improved structure stability with
good Li extraction giving rise in the electrolyte conductivity.
The incorporation of 1% Cr** to the LMLC layered struc-
ture relatively improves the rate capability performance over
50 cycles and promotes the cyclability over subsequent 500
cycles. Nevertheless, Fe-doped layered LMLC showed the
maximum charge transfer resistance and poor Li* ion diffu-
sion between the electrolyte and electrode surface.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00339-021-04884-0.
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