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As the world moves to greener and renewable energy generation technologies, scientific researchers are facing a
great challenge of concurrently developing energy storage materials with a low production cost, environmentally
benign, high-energy density, and good safety. In this work, we report on the improved cycling and reduced phase
transformation of the well-studied n-LioMnOs3 achieved by doping with Europium. It was established from cyclic
voltammetry results that Eu-doping had a stabilization effect on the lattice oxygen and further prevented the
migration of the manganese ions previously coordinated to the released lattice oxygen, into vacant octahedral

site that were occupied by the removed Li*. As such, the new material exhibited an increase in conductivity with
cycling and coulombic efficiency increased from ~74 to ~88% over 100 cycles. Moreover, the discharge capacity
of LiyMng g5Eug 0503 improved with cycling from 4.20 mAh.g ~ ! to 5.47 mAh.g ~ %

1. Introduction

The global energy demand is increasing at an alarming rate due to
the rapid increase in the global population [1,2]. This rapid rise in the
global population is associated with mounting industrialization and
urbanization activities which have greatly increased the global energy
demand [3,4]. Currently, fossil fuel derived oil and gas play a major role
in feeding this demand as estimates indicate that over 85% of the global
energy demand is met by the burning of fossil fuels [5,6]. The use of
fossil derived fuels to feed the ever-increasing demand for energy is
becoming unsustainable and presents a myriad of environmental, eco-
nomic, and health problems [7,8]. During the burning of fossil fuels,
large amounts of greenhouse gases such as carbon dioxide (COy),
methane (CHy4) and nitrous oxide (N2O) are emitted into the atmosphere
[9]. The elevated CO; emissions from this exercise are seen as the major
contributor to global warming and climate change [10]. As a result of
above-mentioned factors, there is a need to develop renewable and
cleaner means of energy generation, to further mitigate climate change
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and environmental pollution associated with fossil fuel use.

To date, several renewable energy sources and technologies are
being widely researched and developed as possible alternatives to the
use of fossil derived fuels [11]. Examples include wind and solar energy
which harness nature’s clean energy, are promising candidates due to
their reduced carbon footprint in contrast to their non-renewable
counterparts [11]. Despite being cleaner and cheaper per unit energy
than fossil fuel derived oil, wind and solar energy generation also have
limitations [11,12]. The limitations lie in that the electricity generation
is not constant but varies at different times and according to weather
conditions [11]. Thus electrochemical/mechanical energy storage sys-
tems are pivotal for wide range adoption of renewable energy sources
and integration into the grid [13,14].

Lithium-ion batteries have attracted a great deal of attention in the
research and development of large grid and electric vehicle energy
storage systems [14-17]. This is due to their higher specific energy,
longer life span, power densities and their wide range of temperature
versatility in applications [17,18]. However, currently available Li-ion
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Fig. 1. The Powder X-ray Diffraction (PXRD) patterns of Li;MnO3; and
LizMng 95Eu0,0503.

batteries cannot meet all the requirements for applications in electric
vehicles and electrical grid storage systems. These include low produc-
tion cost, environmentally benign, high-energy density, and good safety
[19]. For example, the best performing commercial Li-ion battery con-
sists of a cobalt based cathode (LiCoO5) which is both costly and toxic
[19,20]. The limiting factor to higher capacity and performance in Li-ion
batteries is the relatively low capacities of their cathode materials
(LiCoOg, LiNiO9, LiMny04, LiFePO4 and LiMnO3) with specific capac-
ities ranging from 100 to 180 mA h g ~ ! [21,22].

LisMnOgs has gained attraction as a possible cathode material in
rechargeable lithium-ion batteries due to its low cost [22,23], high
theoretical capacity [24] and non-toxicity [25,26]. However, this
promise is overshadowed by the material’s low conductivity [27], ca-
pacity fading with cycling, phase transformation [28] and poor rate
capability [28]. Doping has been reported as an effective strategy to
improve the performance of Li,MnOs3 [29], but much focus has been put
on doping using ordinary transition metals such as Na [29], Mg [30], Al
[31], Ni [32], Mo [33] and Ti [34]. Recently, several researchers
[35-38] have drifted their attention to doping cathode materials with
rare earth elements with great success. However, to our knowledge, very
few publications [39-41] have reported on rare earth element doping of
Li,MnOs3. Herein, we report on the effects of Eu-doping on the
physico-chemical and electrochemical properties of Li;MnOs.

2. Experimental
2.1. Preparation of Li;MnOg

All reagents used in this study were AnalaR Grade chemicals supplied
by Merck, Johannesburg, South Africa. Briefly, 2.263 g of LiOOCCH3
and 4.198 g Mn(OOCCH3),-4H20 were dissolved in 50 ml of ultra-pure
distilled water, respectively. The two salt solutions were stirred for 10
min independently before mixing in a 250 ml round bottom flask.
14.904 g EDTA and 2.874 ml of ethylene glycol (CH,OH), were added to
the mixture with further magnetic stirring for 15 min forming a white
suspension. To the resulting white suspension, 35 ml of NH4 were added
drop wise to adjust the pH to 12. At the adjusted pH of 12, a clear so-
lution resulted and was then heated to 80 °C under vigorous stirring
overnight to yield a viscous gel. The resulting gel was oven dried at 80 °C
for 12 h before sintering. The dried gel was first calcined at 450 °C with a
ramping rate of 5 °C/min for 2 h to remove all organic components,
followed by intermediate grinding, then heated to 750 °C for 8 h to
obtain 1.73 g of the brick red Li;MnOs3 product.

2.2. Preparation of LioMng g5Eug 0503

Briefly, 1.621 g of LIOOCCH3, 0.264 g Eu(NO3)3-5H,0 and 2.872 g
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Mn(OOCCH3)5-4H20 were dissolved in 50 ml of ultra-pure distilled
water, respectively. The three salt solutions were stirred for 10 min
independently before mixing in a 250 ml round bottom flask. 10.788 g
EDTA and 2.643 ml of (CH20H), were added to the mixture with further
magnetic stirring for 15 min forming a white suspension. To the
resulting white suspension, 35 ml of NH4 were added drop wise to adjust
the pH to 12. At the adjusted pH of 12, a clear solution resulted and was
then heated to 80 °C under vigorous stirring overnight to yield a viscous
gel. The resulting gel was oven dried at 80 °C for 12 h before sintering.
The dried gel was first calcined at 450 °C with a ramping rate of
5 °Cmin~! for 2 h to remove all organic components, followed by in-
termediate grinding. The resulting powder was then heated to 750 °C for
8 h to obtain 1.89 g of the brick red Li;Mng gsEug 0503 product.

2.3. Characterization

Diffraction measurement for crystallinity and phase identification of
LisMnOg3 and LisMng gsEug 0503 were performed using Bruker AXS D8
Advanced X-Ray Diffractometer (XRD) (Bruker, Billerica, MA, USA) with
a Bruker LYNXEYE detector using Cu Ka; =1.5406 A radiation. The
measurements were run in the 10 - 80 20 range with a typical step size of
0.034° High Resolution Transmission Electron Microscope (HR-TEM)
for morphology, crystallite size and crystallinity studies were obtained
using FEI Tecnai G2 F20 (Field Electron and Ion Company (FEI) Europe,
Eindhoven, The Netherlands). A Zeiss Auriga Scanning Electron Micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany). High Resolution
Scanning Electron Microscope (HR-SEM) with Electron Dispersive
Spectroscopy (EDS), was used to determine surface morphology,
elemental composition, shape, and distribution, For functional group
identification of the Lio,MnOs3 and LisMng gsEug 9503, Fourier Transform
Infrared Spectroscopy (FT-IR) was performed using PerkinElmer Spec-
trum 100 Spectrometer (PerkinElmer Incorporated, Shelton, CT, USA)
via the KBr pellet sample preparation method. Particle size and shape
analysis of the synthesised materials were determined by Small Angle X-
Ray Scattering (SAXS) Spectroscopy using Anton Paar SAXSpace Spec-
trometer (Anton Paar, Graz, Austria).

2.4. Electrode fabrication

Nickel foam current collector (1 x 0.5 cm) was pre-treated to remove
the nickel oxide (NiO) layer by firstly sonicating in 3 M hydrochloric
acid (HCL) for 15 min, subsequently followed by sonication in distilled
water and ethanol for a further 15 min each. The treated nickel foam was
then oven dried overnight at 70 °C to evaporate any moisture or ethanol
remaining in the foam. An area of 0.5 x 0.5 cm of the prepared nickel
foam was depressed using a spatula to form a flat area and was coated
with an electrode material slurry prepared by mixing 70% active ma-
terial, 20% carbon black and 10% solution of 5 wt% PVDF-NMP to form
the working electrode. The prepared electrode was then dried overnight
at 70 °C.

2.5. Electrochemical characterization

All electrochemical studies of LisMnggsEug 0503 were performed
using a biologic (Seyssinet-Pariset, France) VMP-300 potentiostat with
EC-lab as the data acquisition software. For three-electrode configura-
tion, the prepared n-LioMnOg electrode was used as the working elec-
trode, platinum (Pt) wire as the counter electrode and silver-silver
chloride (Ag/AgCl) as the reference electrode. Cyclic voltammetry (CV)
studies were carried out at 10, 20, 50 and 100 mV.s ~ 1 scan rates within
the potential range —1 to 1 V in 1 M Li»SO4 electrolyte solution. For
charge/discharge studies, the cells were charged to 1 V at 1.0 A.g ~ !
current density. Electrochemical Impedance Spectroscopy (EIS) studied
were performed at a potential of 0.1295 V, amplitude of 5 mV and fre-
quency range of 100 mHz to 100 kHz.
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Table 1
Rietveld refinement results for Li,MnO3 and Li;Mng 95Eug o503 materials.

Crystal Data Li;MnOs (ICSD CIF file) Li;MnO3 LizMng.95Eu 0503
Space group C2/c C2/c C2/c

a(A) 4.928 4.927 4.936

b (A) 8.533 8.535 8.562

c (A) 9.604 9.592 9.610

o7 (© 90 90 90

B () 99.5 99.438 99.603

Vol (A% 398.316 397.932 399.113

Density (g.cm ™) 3.896 3.887 3.891

3. Results and discussion
3.1. Crystallographic characterization

The PXRD patterns of pristine and Eu-doped Li;MnOg3 are given in
Fig. 1. Both materials are indexed to a monoclinic system with a C2/c
space group (JCP2 2-1252), with minor impurity peaks of EuyO3 (JCP2
74-1988) observed in LioMng gsEug 0503 due to moderate (x > 0.05)
dopant concentration [39]. The PXRD pattern of Li;Mng gs5Eug o503 is
further characterized by noise, which is a well reported phenomenon
and can be attributed to oxygen removal, defects during annealing or
defects due to substitution [40]. Furthermore, the patterns exhibit the
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characteristic super lattice peaks at 20-25° 2-theta angles corresponding
to the Li/Mn ordering within the transition metal layers of the Li,MnO3
material indicating successful synthesis of the materials [42-45].

Rietveld refinement analyses of LioMnOs and LisMng gsEug 0503
powder XRD data were performed using the general structure analysis
system (GSAS) II by Toby and Von Dreele [46]. The background, cell
parameters, microstrain and size were all refined. The CIF file reported
by Jansen and Hoppe [47] obtained from ICSD was used for the phase
information. The starting unit cell parameters were at a = 4.928, b =
8.533 and ¢ = 9.604. The Rietveld refinement results are presented in
Table 1. The cell parameters were observed to increase in the LisM-
ng.95Eu0,0503 sample, further confirming the presence of defects (size
mismatch) induced by europium doping. The refined plots are shown in
the supplementary information (Fig S1 and S2).

Fig. 2(a) shows the expanded PXRD patterns of Li,MnO3 and LioM-
ngp.95EUp 0503 in the super lattice 2-theta region. The Li;Mng 95Eug 0503
PXRD pattern in Fig. 2(a) shows expansion of the super lattice peak
which suggested that the Eu-doping improved the ordering of the
transition metal layer which could improve the stability of the super-
structure [45]. Furthermore, evidence of doping is observed by the slight
movement of the (001) peak as shown in Fig. 2(b) to lower 2-theta an-
gles [44]. The shift to lower angles also suggests that Eu- ions expanded
the cell volume of the lattice due to partial replacement of Mn** (0.67 &)
with Eu®* (10.87 A) which may lead to broadening of Li-ion diffusion

6000 : —
b 1 !2 no;

1 — LipMng 5B 050,
I
|
1

'5: 4000

S 1
1

2 |

[}

[=

2 1

£ 2000 ]
1
1
1
1
I

04 1

1

T T T T T T T T T
180 182 184 186 188 19.0 192 194 196 19.8 20.0
26 ()

Fig. 2. (a) and (b) Expanded PXRD patterns of pristine Li,MnO3 and Li;Mng gs5Eug 0503.

Fig. 3. SAED images of a) Li;,MnO3 and b) Li;Mng gsEug 0503.
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Fig. 4. FTIR spectra of LioMnO3 and Li»Mng 9sEug 0503.

pathways [44]. By using PXRD data, the average crystallite size of both
materials was calculated using the Scherrer Debye Eq. (1) [39]:

kA
D=
pCosb

(€Y

where D is the average crystallite size, k is the Scherrer constant (0.90), A
is the wavelength of X-ray radiation (Cu Ko; = 1.5406 A), 0 is the Bragg
angle is radians and f is the full width half maximum of the diffraction
peak in radians. From the Scherrer-Debye equation, the average crys-
tallite sizes decreased from 28.32 to 19.05 nm with Eu doping of
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The decrease in average crystallite size was attributed to particle
growth restriction due to the lattice distorting effects of partial
replacement of Mn** (0.67 A) with Eu®" (10.87 A) and has been pre-
viously observed by other authors [48].

To further investigate the crystallinity of LisMnOs and LiyM-
ng.95Eug 0503, the SAED technique was used. From the obtained SAED
pattern of Li,MnOs in Fig. 3(a), we clearly see that the pristine material
exhibits a mono crystalline pattern and high phase purity. On the other
hand, the SAED pattern of LisMng gsEug 0503 in Fig. 3(b) is of poly-
crystalline nature, and all the rings can be indexed to the c2/c symme-
try and monoclinic system. Furthermore, the p-spacings for each ring
were calculated using Image J software and the values corresponded to
(001), (020), (20-1), (131), (220), (132), (202), (330) and (311) hkl
reflections of the LioMnOg phase. This indicated that Li;Mng g5Eug 0503
maintained the structure of LioMnOs, with its poly-crystalline nature
indicating the presence of another phase i.e., EuyO3 which is in good
agreement with the PXRD data.

3.2. Spectroscopic characterization

Fig. 4 represents the FTIR spectra of Li;MnO3 and Li;Mn0 gsEug 0503.
FTIR spectroscopy was employed for functional groups identification of
the synthesized materials. In both FTIR spectra, the appearance of peaks
in the frequency range 420 - 650 cm ™! and ~1087 cm ™! are attributed to
octahedrally coordinated metals i.e., Li, Mn and Eu [49]. The narrow
peaks situated at ~870 cm ™ are assigned to the coordination of the Li,
Mn, and Eu cations to the nitrogen functionality due to EDTA present in
the material [48]. Furthermore, two broad peaks situated at the fre-
quency range ~1427-1505 cm ™! are assigned to the coordination of the
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Fig. 5. SAXS plots of Li;MnO3 and Li;Mng gsEug o503.
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Fig. 6. HR-SEM images of a) Li,MnO3 and c¢) Li;Mng 9sEug 0503 at 20.00 K X Magnification. EDX spectra of b) Li,MnO3 and d) Li,Mng gs5Eug 0503.

Table 2
EDX data of Li,MnO3 and Li;Mng gsEug 0503.
Sample Concentration
Weight% Atomic%
Mn Eu o Mn Eu o
LioMnOg3 63.10 - 36.9 33.2 0.0 66.8
Li;Mnyg 95Eu0,0503 62.68 2.71 34.61 34.3 0.5 65.1

carboxylic functionalities of EDTA to Li, Mn, and Eu cations [50]. The
larger broad peak situated at ~3500 cm™! is assigned to surface
absorbed moisture. Both spectra show no variation, and no impurity
peaks were found, which shows good synthesis and purity of the syn-
thesized materials.

Fig. 5 represents the SAXS distribution curves of intensity, number,
volume, and the free model PDDF of Li,MnO3 and LisMng 95Eug ¢sO3.
Fig. 5(a) represents the distribution by number curves, which gives in-
formation about the number of the present primary particle sizes. From
the data, most primary particles have an average radius of <5 nm (< 10
nm particle size). In Fig. 5(b), we observe distribution by intensity
curves which informs us about self assembles within the materials. We
observe that both samples exhibited particles assembling to form par-
ticles with radii of ~13 nm, ~17 nm and ~25 nm with the latter
showing the highest intensity. This indicates that majority of particles
assemble to form secondary particles of an average particle radius of
~25 nm (~54 nm particle size). Distribution by volume curves in Fig. 5
(c) give information of the present particle sizes in the materials.

In both samples, the present particle radii can be grouped into < 5

nm, 5-20 nm and ~25 nm with the latter having the highest number of
particles. The free model PDDF of both Lio,MnO3 and LioMng g5Eug 9503
in Fig. 5(d) shows a hybrid type shape, which could be an indication of
the presence of both solid and hollow spheres as seen in Fig. 5(d).
Furthermore, the hollow sphere particles appear at ~27 nm indicating
that they have larger particle sizes (~50 nm). On the other hand, the
average particle radius of all the particles is ~ 15 nm which suggests that
the average particle size is ~30 nm.

3.3. Morphological characterization

The HR-SEM micrograph of Li;MnOs and LisMng gsEug 0503 are
shown in Fig. 6(a) and (c) respectively. It is well established that the
morphology of fine powders is influenced by the choice of reagents, the
method of preparation, synthesis, and calcining temperature [30,50].
Both images of Li,MnO3 and LisMng 9sEug 0503 exhibit some agglom-
eration of smaller primary particle to form larger secondary particles.
This is expected due to the low temperature synthesis method [30,31],
the high surface free energy of the particles [45] and the use of EDTA as
a chelating agent during synthesis [50]. EDTA has 6 active sites (two
amino & four carboxyl groups) which strongly and actively binds to
metal ions [50].

As a result of this strong connection between metal ions and EDTA,
nucleation and growth are more controlled and particle size uniformity
is achieved [50]. However, LisMng g9sEug 0503 shows a higher-level of
particle size uniformity, shape uniformity and a decrease in the size of
the secondary particles when compared to LisMnOs. This has been
observed in numerous reports [30,44,45,48] on doped cathode
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Fig. 7. TEM Micrographs of a) & ¢) LixMnO3 and b) & d) Li;Mng gsEug 0503. Particle size distribution histogram of e) Li,MnO3 and f) LioMng g5Eug 0503.

materials, and has been linked to improved porosity which could lead to
enhanced performance of cathode materials due to increased surface
area and shorter Li"diffusion pathways.

EDX was used to determine the elemental composition of the syn-
thesized nanostructured materials. EDX Spectra of Li»MnOg3 and LioM-
ng 9s5EU0,0503 in Fig. 6(c) and (d) show the presence of all expected

element i.e., Mn, O and Mn, Eu, O respectively, confirming formation of
the desired materials. The absence of Li in the spectra is because of the
inability of EDX to detect elements lighter than boron due to their low
energy of characteristic radiation [29]. Table 2 shows that the Mn
content of LixMng gsEug 0503 was lower than that of the pristine material
indicating successful partial substitution of Mn with Eu. Moreover,
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LioMng gsEug 0503 shows a lower O content which could be linked to
oxygen vacancies within the synthesized material induced by doping as
evidenced by the PXRD results in Fig. 1.

HR-TEM images of Li,MnOs3; and LipMng gsEug 0503 presented in
Fig. 7(c) and (d) respectively show the particle size and shape of the
synthesized materials. Both images show quasi-spherical and nano-cube
type crystallite shapes, with varying crystallite sizes. Fig. 7(e) and (f)
show the particle size distributions for Li;MnO3 and LioMng gsEug 503
respectively. Li;Mng gsEug 0503 exhibited much smaller particle sizes
and a more uniform size distribution which is in good agreement with
the PXRD and HR-SEM data. The particles are further characterized by
agglomeration, which is attributed to the EDTA chelating agent, an
observation also supported by HR-SEM images in Fig. 6. HR-TEM image
in Fig. 7(a) and (b) with lattice fringes were processed using Image J
software to determine the interplanar spacing of the Li,MnOj3 and
LiosMng g9sEug 0503 respectively. The interplanar spacing in LipMnOs and
LisMng gsEug 0503 was determined to be 4.72 A and 4.761 A respec-
tively, indicating that Eu-doping expanded the cell lattice due to its
larger ionic radius. Furthermore, the interplanar spacing of both mate-
rials was found to be in the range of reported values [51-54] and
correspond to the (100) direction of Li;MnOs crystal.

3.4. Electrochemical characterization

To interrogate the reversibility of Li' intercalation kinetics, cyclic
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voltammetry was employed as seen in Fig. 8. The sharp “horn like”
cathodic peak at ~ 1 V corresponded to activation of the materials which
is characterized by oxygen evolution and the extraction of Li' in the
form of LizO to form the more electrochemically active MnO structure
[55-57]. Moreover, the cyclic voltammogram of Li;MnO3 exhibits a
larger additional redox pair ~ —0.3/—0.1 V corresponding to Li"
de-intercalation and intercalation in the newly formed spinel structure
[55].

The activation of LipMnO3 materials by O, removal generated oxy-
gen vacancies in the material and led to irreversible capacity loss in the
first cycle as depicted in Fig. 8 [58]. On the other hand, the O3 removal
in the LioMng gsEug 0503 is much less defined and shows a lower in-
tensity. This is a good indication that Eu doping stabilizes the lattice
oxygen and thus prevents irreversible capacity loss during first cycling
as depicted in Fig. 8 [55]. The lattice oxygen stabilization effect of
Eu-doping further prevents the migration of the manganese ions previ-
ously coordinated to the released lattice oxygen, into vacant octahedral
site that were occupied by the removed Li™ [59]. The dissolution and
migration of manganese from the TM layer into the Li layer leads to the
formation of a spinel phase, slower lithium-ion movement and gradual
fading of voltage during cycling [60]. The cyclic voltammogram of
LisMng gsEug 0503 is further characterized by more symmetrical and
defined redox peaks at ~ 0.58/0.75 V corresponding to Li*
de-intercalation and intercalation. This is a good indication that Eu

o o o =
N ()] © o
L 1 1 1

Potential vs Ag/AgCI (V)

o
N
1

0,0 .

Specific Capacity (mAh.g™")

Fig. 10. 1st Charge-discharge voltage profiles of Li;MnO3 and Li,M-

nNo.o5EUg.05053 at current density of 1 A.g ~ L.
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Fig. 9. Cyclic voltammograms of (a) Li;MnO3 and (b) Li;Mng ¢sEug 0503 in 1 M Li»SO,4 electrolyte at various scan rates.
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doping induces improved reversibility and better degree of ordering at
the Li* site [60]. This further provides evidence that Li;Mng gsEug 0503
is more structurally superior and slows down layered to spinel phase
transformation which may lead to better cycling performance. The cy-
clic voltammograms in Fig. 8 were further employed to determine the
specific capacities using Eq. (2) [61]:

[1av @
mXuv

where [1dV is the integration of the area of the cyclic voltammogram, m
is the mass in grams and v is the scan rate in mV.s ~ ! From Eq. (2), we
have determined that the specific capacities of LioMnOg3 and Li;M-
N 9s5EUg 0503 is 27.78 mAh.g ~ ! and 22.66 mAh.g ~ 1 respectively. The
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Table 3
Electrochemical impedance spectroscopy parameters of Li,MnO3; and LiM-
ng.osEug 0503 before and after cycling.

Parameter LioMnO3 LioMnyg g5Eu0,0503
1st Cycle 100th Cycle 1st Cycle 100th Cycle
Rs (Ohm) 2.586 4.464 2.826 2.669
Rsgr (Ohm) 0.23673 0.903 9.591 2.381
R¢t (Ohm) 1176 1211 936.1 206.8

lower initial specific capacity of Li;Mng gsEug 9503 can be attributed to a
slower activation process due to the slower removal of lattice oxygen.
LioMnOs3 and LizMng gsEug 0503 were further subjected to various scan
rates to determine the effect of the scan rate on the electrochemistry as
shown in Fig. 9. Even at higher scan rates both materials still maintained
the same peaks indicating good reversibility.

To determine the discharge capacities of the pristine Li,MnO3 and
LizMng 9s5Eug 0503, galvanostatic charge-discharge measurements were
performed as depicted in Fig. 10. The discharge capacities of Lio,MnO3
and LipMng g5Eug 0503 at a current density of 1 A.g ~ I were determined
to be 5.63 mAh.g ~ ! and 4.20 mAh.g ~ ! respectively, with the latter
showing that Eu doping slightly decreases the discharge capacity. The
decrease in capacity is related to the activation of Li;MnO3 materials,
which involved the removal of lithium from the structure as given in Eq.
(3) [26]:

Li;MnO3 — LiO+ MnO, 3

The activation process is reported to be slower in Li;Mng g5Eug 0503
(x > 0.05) materials and requires more charge-discharge cycles to
improve [55]. The above observation is further supported by cyclic
voltammetry data of LisMng gsEug 0503 which indicates a much less
intense peak of Li;O removal, and the discharge voltage profiles in
Fig. 10 of Li;Mng gsEug 0503 at current density of 1 A.g ~ !, This is taken
as further evidence that the doping slowed down the phase
transformation.

Fig. 11(a) and (b) shows discharge voltage profiles of Li,MnO3 and
LioMng gsEug 0503 after cycling at current density of 1 A.g ~ 1 respec-
tively. It is observed that the discharge capacity of Li;Mng gsEug.0503
improved with cycling from 4.20 mAh.g ~ ! to 5.47 mAh.g ~ ! while the
discharge capacity of the pristine LioMnOg deteriorated from 5.63 mAh.
g~ !to05.41 mAh.g ~ ! with cycling. As a result of faster phase trans-
formation, the pristine material discharge capacity faded with cycling
due to side parasitic reactions at the electrode/electrolyte interphase
and manganese dissolution [57]. The cycling performance of the two
cathode materials was tested over 100 cycles to interrogate the
Eu-doping effect on the cycling as shown in Fig. 11(c). Excessive oxygen
redox may lead to a high oxygen vacancy in LioMnOs resulting to the
migration of the Mn ions, leading to structural deterioration and insta-
bility with cycling. However, substituting some of the Mn ions with
other cations have been shown to increase the stability of the material
leading to reduced Mn ion migration consequently resulting to enhanced
capacity with cycling [62]. The data further proved that the discharge
capacity of LisMng gsEug 0503 improves with cycling and surpasses the
discharge capacity of Li,MnO3 at > 100 cycles. From Fig. 11(d), it is
observed that Eu doping has a positive effect on the coulombic efficiency
of Li,MnO3 with an increase in efficiency from ~74% to ~88% over 100
cycles indicating improvement of reversibility with cycling. The higher
coulombic efficiency in Li;Mng gsEug 9503 implies that electrode elec-
trolyte side reaction or parasitic reactions have been greatly reduced by
the Eu-doping. The enhancement in coulombic efficiency of Li;M-
ng.95EUg 0503 can be attributed to the substitution of some Mn with Eu
ions which slow down phase transformation and improved the material
structural stability. Such improved performances were also observed
with Al doping of LisMnOgs (LizMng 9Alp103) by Xiang and Wu [31].
Their result indicated that the Al doping not only prevented the first
charged phase transformation from a layered phase to a cubic spinel-like
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phase, but it also slowed down the rate of transformation upon cycling in
addition to reducing the charge transfer resistance. Ni and Cr have also
been used to used improve the electrochemical performance of Li;MnO3
[63, 64].

Comparative electrochemical impedance spectroscopy Nyquist plot
of LioMnOj3 and LisMng g5Eug 0503 before cycling are shown in Fig. 12.
Both plots showed a semicircle within high and intermediate frequency
region and a straight line in low frequency region. The intercept at high
frequency corresponds to the ohmic resistance R;. The diameter of the
semicircle relates to the combination of surface-film resistance Rgg; and
charge-transfer resistance R, while the straight line is related to the
diffusion-controlled process of lithium ions within the bulk. The EIS
parameters of LioMnOs and LioMng gsEug o503 are given in table 3. From
the table, we observe that the charge transfer resistance of Li,MnOs3
increased with cycling from 1176 to 1211 Ohm, as compared to Li;M-
ng.95Eu 0503 where the resistance shows a decrease of 729.3 Ohm with
cycling. This indicates that Eu doping induces increased conductivity
with cycling.

4. Conclusion

LixMnOs3 and Eu-doped LisMnOs were successfully synthesized via
sol-gel method. The synthesized Eu-doped material was given the for-
mula LisMng gs5Eug 0503, which is consistent with stoichiometric data
obtained from ICP-OES. Electrochemical studies to investigate the effect
of Eu-doping on Li;MnOj3 revealed that Eu-doping had the following
synergistic effects: (1) reduced 1st cycle irreversible capacity loss by
stabilizing the lattice oxygen (2) slowed down phase transformation
with cycling by reducing the dissolution and migration of manganese
ions into vacant octahedral site that were occupied by the removed Li*
(3) improved the coulombic efficiency of LioMnOg3 due to improvement
in the reversibility caused by reduced side or parasitic reactions as well
as reduced phase transformations. Therefore, we can conclude that
LisMng g9s5Eug 0503 has good merits for application as a cathode material
in aqueous based Li-ion battery systems.
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