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Pristine lithium manganate (LiMn;O4) and Ag”, Y3+ double doped nano lithium manganate [LiMny_7,Ag, YOy,
(x = 0.025, 0.05)] spinels were synthesized via a coprecipitation method for rechargeable batteries applications. The syn-
thesized LiMn| 9gAgg 05 Y0.0504 Was exposed to different doses of y-irradiation (10 and 30 kGy). The resulting spinel products
were characterized by using thermogravimetric and differential thermal analysis (TG/DTA), X-ray diftraction (XRD), infrared
(IR) spectroscopy, scanning electron microscopy (SEM), energy dispersive analysis of X-rays (EDAX), electronic (UV-Vis) and
electron spin resonance (ESR) spectra. LiMn,O, exhibited a discharge capacity of 124 mAhg~! while LiMn; 9Agg 05 Y0.0504
had discharge capacities of 129 and 137 mAhg~! for non irradiated and y-irradiated (30 kGy) samples, respectively. The effects
of the dopant cations and 7y-irradiation on the discharge capacity and DC-electrical conductivity of some synthesized spinels

were studied.
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1. Introduction

Nano lithium manganate spinel (LiMnyOy) is
an attractive candidate used in the power sources
of portable electronic devices (laptop computers,
cell phones, etc.) to store electricity from renew-
able sources, and as a vital component in new hy-
brid electric vehicles, due to its high electromo-
tive force and high energy density [1, 2]. Also,
LiMn,O4 spinel is the best choice to be the pos-
itive electrode (cathode) of rechargeable lithium
ion batteries due to its low cost, non-toxic nature,
efficiency, environmental friendliness and ease of
preparation when compared with other layered ox-
ides used for rechargeable lithium ion batteries
such as lithium cobalt oxide (LiCoO;) and lithium
nickel oxide (LiNiO;) [3-5]. LiCoO, has many
disadvantages such as high cost, toxicity, a nega-
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tive environmental impact and a low practical spe-
cific capacity against its theoretical value. There are
several research articles reporting that the capacity
of pure spinel LiMn,O, diminishes at high reduc-
tion levels [6, 7]. The capacity fading of lithiated
transition metal oxides such as LiCoO,, LiNiO,
and LiMn,O4 occurs due to various factors such as
Jahn-Teller distortion (change of a cubic symme-
try into tetragonal one, a two-phase unstable reac-
tion), slow dissolution of manganese into the elec-
trolyte [8], lattice instability [9] and particle-size
distribution [10, 11]. To suppress the Jahn-Teller
distortion and obtain high cycling capacity, many
researchers have studied Li-Mn—O spinels in or-
der to improve cycleability by partially chemical
substitution of Mn3* with various divalent, triva-
lent and tetravalent-doped cations such as Sm, Co,
7Zn, Ca, Fe, Ni, Cd, Tb, Ga, Ti, Al, V and Cr [12-
16]. Ohuzuku et al. [10] and Lee et al. [17] have re-
ported that partial doping of divalent and trivalent
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cations is more effective in suppressing the capac-
ity fade during cycling. The substitution increases
the average oxidation state of Mn above 3.5, hence
suppressing Jahn-Teller distortion, this leads to
stabilizing the crystal structure of spinel. We re-
ported here, the preparation of LiMn,0,4 and Ag'*,
Y3+ double doped nano lithium manganese oxide
[LiMny_2,Ag, Y04, (x = 0.025, 0.05)] spinels by
using a coprecipitation method. The synthesized
spinels were characterized by various techniques
such as thermal analysis (TG/DTA), XRD, SEM,
EDAX, IR, UV-Vis and ESR spectroscopy. The
effects of dopant cations and y-irradiation on the
discharge capacity and DC-electrical conductivity
of the prepared spinels were also investigated and
discussed.

2. Experimental

2.1. Synthesis of nano spinels

Pure LiMn,O4 and double doped
LiMn,_»,Ag, Y04 (x = 0.025, 0.05) spinels
were synthesized by coprecipitation method,
where stoichiometric amounts of LiOH solution
and oxalic acid solution were mixed with each
other. The mixture was added to a hot solution of
manganese acetate dropwise with stirring at 80 °C.
Yellow white precipitate was obtained and vinegar
odor was smelt. The obtained mixture was further
heated with continuous stirring to remove the
excess of acetic acid and water, and dried for 12 h
to obtain the LiMn,C,04(Ac) precursor. Then, it
was mixed with cation-doped compounds, ground
thoroughly and pre-sintered at 600 °C for 4 h.
Then, they were ground and pressed into pellets,
sintered in air at 850 °C for 8 h at a heating rate
of 10 °C/min. After sintering, the samples were
cooled with a possible lowest rate (5 °C/min).

2.2. Instruments and characterization

The thermal gravimetric analysis (TGA) was
carried out in a dynamic nitrogen atmosphere
(20 mL min~!) with a heating rate of 10 °C min~"
using a Shimadzu TG-50 thermogravimetric an-
alyzer. DTA of green samples (uncalcined) were
recorded by a Du Pont Instruments 990 ther-

mal analyzer (England) with a heating rate of
10 °C min~! at Central Laboratory, Tanta Uni-
versity. The crystal structure of the prepared
samples was analyzed by a Phillips (Holland)
X-ray diffractometer using Cu Ka radiation
(A = 1.54056 A) operating at 40.0 kV, 30.0 mA
and the data were collected in the 10 — 80° 260
range. The infrared spectra were recorded using
a Perkin-Elmer 1430 IR spectrophotometer within
the range of 1000 to 200 cm ™! for all samples in
a form of KBr discs. The morphology of the pre-
pared samples was investigated by scanning elec-
tron microscopy (SEM, JSM-5300LV, Japan) and
the dispersion of Ag was visualized by energy dis-
persive analysis of X-rays (EDAX). The electronic
absorption spectra were recorded using a Shimadzu
UV-Vis 160A spectrophotometer from 200 to
800 nm using Nujol mull technique. Room temper-
ature x-band powder electron spin resonance spec-
tra were recorded using a Jeol spectrometer model
JES-FE2XG equipped with an E101 microwave
bridge using DPPH as a reference. Some samples
were exposed to different doses of y-irradiation (10
and 30 KGy) with the dose rate of 3.52 KGy/h
by Indian gamma rays source at National Cen-
ter for Radiation Research and Technology, Nasr
City, Cairo, Egypt. DC-electrical conductivity of
the synthesized samples sintered at 850 °C for 8 h
was recorded using the two terminal DC-electrical
conductivity method, where the pellets of the sam-
ples were coated with silver paste, inserted be-
tween the two copper probes of the circuit using a
Akeithly 175 multimeter (USA). This was done at
the temperature range from room temperature up to
370 °C. The temperature was measured by a cali-
brated chromel-alumel thermocouple placed firmly
at the sample during measurements.

2.3. Electrochemical studies

Cathode specimens were prepared by mixing
the Li-Mn-O spinel powder with 10 wt.% acety-
lene black and 5 wt.% polyvinylidene fluoride
(PVDF) in n-methyl pyrrolidone (NMP) solution.
Electrodes were dried under vacuum at 110 °C for
at least 2 h before use. Lithium foil was used as
reference and counter electrodes. The electrolyte
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contained 1 M LiPFg in ethylene carbonate/diethyl
carbonate (EC:DEC = 1:1). The cell assembly was
put into a dry box under argon atmosphere.

3. Results and discussion

3.1.

Fig. 1 shows the TGA-DTA curves of the pre-
cursor that was fired to give LiMn;_rxAgyx Yx Oy
nano spinel. There are three weight-loss regions on
the curves. The first region, from room tempera-
ture to 100 °C, may be attributed to the removal of
bonded and absorbed water, corresponding to weak
endothermic peak at 57 °C in the DTA curve. In the
second region of weight loss, from 120 to 160 °C,
one sharp exothermic reaction peak at 160 °C is
considered to be due to the departure of methyl
group, for which weight loss is noticeable. In the
third region, the weight loss of 39 % is attributed
to combustion of residual organic constituents and
loss of excess oxygen in the range of 215 to 450 °C
(corresponding to medium broad endothermic peak
at 350 °C in DTA curve), and then the LiMn,Oy4
phase is formed. In the region from 450 to 900 °C,
the TGA curve becomes flat and no sharp peaks
can be observed in the DTA curve, indicating that
no phase transformation occurs.

Thermal studies

3.2. X-ray diffraction studies

X-ray powder diffraction (XRD) patterns of
the pure and double doped spinels with differ-
ent content of Ag!*, Y3+ are shown in Fig. 2.
All diffraction peaks are very strong which re-
veals that the samples have good cubic crystal
structures. These structures correspond to cubic
stander spinel LiMn,O4 with the space group Fd3m
(JCPDS Cards-No. 35-0782), JCPDS (Joint Com-
mittee on Power Diffraction Standard). They are
made up of a regular tetrahedron LiO4 and octa-
hedron MnQg [18]. The lattice constant and crys-
tal volume of Ag!™,Y3* doped spinel (Table 1) are
smaller than the undoped one and increase with
increasing dopant content since the radius of the
sixth coordination Ag!™ (1.15 A), Y3+ (0.90 A)
is bigger than the one of Mn>* (0.66 A). XRD of
Y-irradiation samples with 10, 30 kGy are shown

in Fig. 3. Also, all diffraction peaks of y-irradiated
samples are very strong indicating that the samples
have a good cubic crystal structure but the peaks
have small shifts to lower angles. These small shifts
indicate high stability of the doped spinels against
ultra-high energy y-rays.
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Fig. 1. TGA/DTA curves for LiMnC;0O4(Ac) precursor
containing Ag'* and Y3+ dopants.
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Fig. 2. X-ray diffraction patterns of undoped
and doped nano Li-Mn-O  spinels
(LiMny_»,Ag,Y04): (a) undoped LiMn,Oy,
(b)  LiMnjo5Ag0.025Y0.02504 and  (c)
LiMn;.9Ag0.05Y0.0504.

3.3. IR spectral studies

Vibrational modes attributed to the motion
of cations with respect to their oxygen neigh-
bors are sensitive to the point group symmetry
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Table 1. Lattice constants and unit cell volumes of LiMn,O4, LiMn; 95Ag0.025 Y 0.02504 and LiMn; 9Ago.05 Y0.0504

spinels.
No Sample Lattice constants,  Unit cell
a(A) volume (A%)
1 LiMn; 04 8.186 549
2 LiMn1,95Ag0.025Y0.025O4 8.228 557
3 LiMnl.gAg0.05Y0_o5O4 8.327 577
4 LiMn;9Agoos5Y0.0504 7-irradiated with 10 kGy 8.300 572
5 LiMnl_gAg0,05Y0.05O4 y—irradiated with 30 kGy 8.279 568

Intensity (a.u.)
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Fig. 3. X-ray diffraction patterns of non irradiated

and Y-irradiated LiMn;.9Ag0.05 Y0.0504
nano spinels: (@) non irradiated
LiMn; 9Ago.05Y0.0504 spinel, (b)
LiMn; 9Ago05Y0.0504  spinel  7y-irradiated

with 10 kGy and (c¢) LiMnj9Agy05Y0.0504
spinel y-irradiated with 30 kGy.

of the cations in the oxygen host matrix [19].
Hence, the local environment of the cations in
a lattice of close-packed oxygen can be stud-
ied by IR spectroscopy [20]. Infrared spectra
of pure nano LiMn,O4, LiMn; 95Ag0.025Y0.02504,
and LiMn; 9Agyos5Y0.0504 spinels sintered at
850 °C for 8 h are shown in Fig. 4. In the spectra of
pure nano LiMn,0Oy, the observed high-frequency
bands, located around 618 and 517 cm™!, are as-
sociated with the asymmetric stretching modes of
MnOjg octahedron whereas the band at 260 cm™! is
attributable to mixed characters: octahedral MnOg

and tetrahedral LiO4 building the cubic lattice of
nano LiMn,Oyq.
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Fig. 4. IR spectra of undoped and doped Li-Mn-O
spinels (LiMny_ox AgxYxOy) fired at 850 °C
in air for 8 h: (a) undoped LiMnyOq4
spinel, (b) LiMnj95sAg0.025Y0.02504, and
(c) LiMn1.9Ag0.05Y0.0504-

These results are quite similar to those given in
earlier reports [21, 22]. It can also be seen from
Fig. 4 that the vibration frequency of two stretching
modes in the MnOg group reveals small changes
with increasing the dopant contents. For double
doped Ag!'*, Y nano spinel, the peaks shifted
from 517 to 514 and from 618 to 616 cm™! for
x = 0.025 whereas the peaks shifted from 517 to
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Fig. 5. IR spectra of non irradiated and y-irradiated
LiMnj 9Ago05Y0.0504 spinels: (a) non ir-
radiated LiMnj9Ago05Y0.0504 spinel, (b)
LiMn; 9Ago.05Y0.0504 spinel irradiated with
10 kGy and (c) LiMn;9Ag0.05Y0.0504 spinel
irradiated with 30 kGy.

509 and 618 to 625 cm~! for x = 0.050. This is
good evidence to the insertion of Ag!™, Y3* in
octahedral position. IR spectra of non irradiated
LiMn; 9Ago.05Y0.0504 and those y-irradiated with
10, 30 kGy (Fig. 5) indicate that the samples are
still nano cubic spinel but there are shifts of peaks
from 509, 625 cm~! before irradiation to 512,
626 cm~! and 512, 627 cm™! after y-irradiation
with 10, 30 kGy, respectively.

3.4. SEM and EDAX analysis

The morphology of pure and doped sam-
ples was investigated by scanning electron
microscope (SEM) after coating with gold.
Fig. 6 shows the observed images for pure
LiMn204, double doped LiMnl.gsAgo.025Y0.02504,
LiMn; 9Agpo5Y0.0504 and 7-irradiated double
doped LiMnj 9Agp.05Y0.0504. The images reveal
that the powder exhibits nano crystals in agreement
with the data obtained from X-ray studies. These
images denote irregular porous morphology, this

porous morphology is beneficial for the diffusion
of electrolyte into the interior of the particle during
fabrication of the spinels.

Fig. 6. SEM images of LiMny_>xAgxYxO4 spinels:
(a) LiMnyOy4, (b) LiMnjg5Ag0.025Y0.02504,

(c) LiMn1.9Ago.05Y0.0504 and (d
LiMnj 9Ago.05Y0.05s04 spinel irradiated with
30 kGy.
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Fig. 7. EDAX profile of nano LiMn; 9Ag0.05Y0.0504
spinel.

Fig. 7 represents EDAX profiles of nano
LiMnj 9Ago.05Y0.0504 spinel. These profiles of the
reflections corresponding to the constituent ele-
ments of prepared sample agree with that pub-
lished by Helan et al. [23], Xiong et al. [24] and
Thirunakaran et al. [25, 26].

3.5. ESR and UV-Vis spectra

The paramagnetic behavior of the synthe-
sized crystals was investigated using ESR spec-
troscopy. Fig. 8 shows the ESR spectrum of the
LiMn; 9Ago.05 Y0.0504 nano compound. The spec-
trum displays ESR signal attributed to Mn3* ions
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centered at 3380 G and the corresponding value of
g factor is 1.992, which is in good agreement with
the reported value for LiMn,O4.

The UV-Vis spectra of pure nano LiMn;O4
spinel display a strong absorption peak at 237 nm,
medium peak at 341 nm and weak peak at 380 due
to d-d transitions in manganese ion. The double
doped LiMn; 9Ago.05Y0.0s04 nono spinel shows
two weak peaks at 272, 300 nm and strong one at
342 nm assigned to d-d transitions in Mn>*, Ag!*
and Y37,
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Fig. 8. ESR spectrum of nano LiMn; 9Agg.05Y0.0504
spinel.

3.6. Electrochemical studies

Fig. 9 — 11 show charge-discharge curves of
LiMn;0y4, non irradiated LiMnj9Agp.os5Y0.0504
and }/—irradiated LiMnl‘gAg0.05Y0.0504 (30 kGy).
All curves show two plateaus that are good in-
dication for de-intercalation/intercalation of Li'*
ions at the 8a tetrahedral sites. LiMnyO4 de-
livers a discharge capacity of 124 mAhg~!
and non-irradiated LiMn; 9Ag.o5Y0.0504 delivers
a discharge capacity of 129 mAhg~! whereas
LiMn; 9Ag.05 Y0.0504 Y-irradiated with 30 kGy de-
livers a discharge capacity of 137 mAhg~'. The
open-circuit energy diagram of a lithium battery
has been discussed by Goodenough et al. [27, 28].
If the active transition-metal cation contains a lo-
calized d-electron manifold, the manifold acts as a
redox couple, e.g. Ni®*/4* in LiNi; sMn 504. Suc-
cessive redox couples are separated by an on-site

effective Coulomb correlation energy U that can
be large when augmented by either a crystal-field
splitting or an intra-atomic exchange splitting [29].
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Fig. 9. Charge-discharge curves of pure LiMn,Oy4
spinel.
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Fig. 10. Charge-discharge curves of non-irradiated
LiMn; 9Ago.05 Y0.0504 calcined at 850 °C.

However, when the Fermi energy (EFC) of the
cathode material approaches the top of the an-
ion p bands of the host, the p-d covalent mix-
ing may transform the correlated d electrons at
EFC into band electrons occupying one-electron
states [27, 30]. In the absence of a crystal-field
splitting of the d orbitals at EFC, which is the case
for Ni(IV) to Ni(Il), the one-electron states are not
separated by any on-site energy U and there is no
step in the voltage of the battery. EFC is moved
from one formal valence state to another upon the
reduction or oxidation of the host. This confirms
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Fig. 11. Charge-discharge curves of LiMn; 9Ago.05 Y0.05
spinel irradiated with 30 kGy.

that substituted Ag'* and Y3+ ions take part in the
topotactic redox reaction during charge/discharge
process of the cell [31].

Substitution of 2.5 and 5 % Ag and Y for Mn
in LiMn,O4 spinel has been chosen because this
composition implies that Mn is in the 4+ valence,
thus avoiding the Jahn-Teller (JT) distortion associ-
ated to Mn>*. Also, the partial replacement of Mn
by Agand Y in LiMn,_»x Agx Yx Oy is an effective
way to alleviate the problem of oxygen loss gen-
erating Mn?* jons in LiMn,O, framework. Thus,
it can be demonstrated that the Ag and Y-doping
stabilizes the lattice without impacting the capac-
ity significantly, but it decreases the energy den-
sity [31, 32].

3.7. DC-electrical
surements

conductivity mea-

No references have been found in the literature
concerning the studies on the electrical DC or AC
conductivity of undoped and doped LiMn, Oy in the
range of temperature from room temperature up to
370 °C. According to the Arrhenius equation [33]:
o = 0% AEd/ kBT where o is the electrical con-
ductivity at absolute temperature T, 0° is the max-
imum electrical conductivity (that it would have at
infinite temperature), kg is Boltzmann’s constant
= 8.61x107° eV K !, and AE, is the activation
energy for electrical conduction, which indicates
the energy needed for an ion to jump to a free
hole. The conduction in LiMn;O4 nano spinel oc-
curring via small-polaron hopping between Mn>*

and Mn*", i.e. unpaired electrons from the e, or-
bitals of high-spin Mn3* (d4) hop to neighboring
low-spin Mn** (d3) ions. Both the e, orbitals of
metal ion lie on the same octahedral site. So, they
are equivalent in energy. Fig. 12 represents the vari-
ation of DC-electrical conductivity (Inc) of pure
non irradiated and irradiated LiMn,Oy4 spinels ver-
sus 1000/T. There is a positive temperature coeffi-
cient of electrical conductivity do/dT in the range
of 20 to 370 °C which means that LiMn,O4 is a
semiconductor in this range, with the activation en-

osrey of 0.312 eV. The activation energy reduces

with irradiation with y-ray (30 kGy) to 0.264 eV.
Fig. 13 shows the variation of DC-electrical con-
ductivity versus 1000/T for non-irradiated and ir-
radiated LiMn,_»xAgx YxO4 nano spinels. These
samples behaved as extrinsic semiconductor in the
range of 20 to 370 °C with activation energies equal
0.351 and 0.380 eV for LiMn].95Ag0.025Y0_0504
and LiMnl,gAg0.05Y0,0504.
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Fig. 12. The variation of DC-electrical conductivity
(Ino) versus reciprocal of absolute tempera-
ture (1000/T K~!) for LiMn,0Oy4 nanospinels:
(a) non-irradiated sample and (b) sample irra-
diated with 30 kGy of y-irradiation.

Upon 7-irradiation of LiMnj 9Agp.0sY0.0504
with 10 and 30 kGy, the activation energies de-
crease to 0.353 and 0.326 eV, respectively. This
means that the activation energies are affected by
increasing the dopant content and irradiation dose.
In our future studies, it would be interesting to
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show how the obtained electrical conductivity cor-
responds with the electrochemical tests.

4. Conclusions

Pure LiMn,O4 and Ag!™, Y3* double doped
lithium manganese oxide [LiMny_»,Ag,Y,O4
(x = 0.25, 0.05)] spinels were synthesized by a
simple coprecipitation method and some of the
prepared spinels were subjected to 7y-irradiation.
X-ray diffraction data revealed the formation of
single-phase spinel with cubic crystal structure for
pure and doped samples. X-ray diffraction calcula-
tion and SEM images indicated that the prepared
spinels were nano compounds with porous mor-
phology. The electrochemical studies denoted that
incorporation of Ag'* and Y3* ions into LiMn, 0,
effectively improves the stability and discharge ca-
pacity of pristine LiMn,O,4, which are significant
requirements for practical application of LiMn;Oy4-
based lithium-ion batteries. The method used for
preparation has a great potential for the commercial
preparation of pure and doped LiMn,O4 spinels.
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