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ABSTRACT

LiMn;04 and LiMgySnyAl;Mny_x_y .04 (x, ¥, z=Mg, Sn, Al) (x=0.01-0.09; y=0.04-0.1; z=0.35-0.20)
powders have been synthesized via the sol-gel method for the first time using glutamic acid as
the chelating agent. The synthesized samples have been subjected to physical and electrochemical
characterization. SEM images of parent LiMn,04 show that the majority of the grains are 1um in
size. The LiMgg01Sng04Alp35Mnq604 and LiMgg04SngosAlo30Mn; 604 particles present a low degree of
agglomeration and the primary particles are 1 um in size. TEM images of the spinel LiMn,04 and
LiMgxSnyAl,Mn,_,_y_,04 ascertain that the synthesized particles are nano-sized with uniform surface
morphology. The LiMn,04 samples calcined at 850 °C deliver a discharge capacity of 122 mAh g~ in the
first cycle. Among the compositions investigated, LiMgo 01 Sno.0sAlo.30Mn1,604 delivers 115 mAh g~! in the
first cycle and exhibits stable cycling performance with a low capacity fade of 1 mAhg~! cycle~! over the
10 cycles investigated.

Spinel cathode
Li-ion battery

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

LiMn,04 is an apposite and attractive cathode material for
rechargeable lithium batteries owing to its low cost, environmen-
tally benign nature, and ease of preparation when compared with
other layered oxides such as LiCoO, and LiNiO, [ 1-3]. However, the
specific capacity of pure spinel LiMn;04 decreases gradually upon
repeated cycling at elevated temperature [4,5]. It is well known
that capacity fading is due to several factors, including Jahn-Teller
distortion, a two-phase unstable reaction [2], slow dissolution of
manganese into the electrolyte [6], lattice instability [7], and par-
ticle size distribution [8]. In order to overcome the problem of
Jahn-Teller distortion in obtaining high capacity retention, sev-
eral researchers have investigated lithium rich spinels with various
divalent, trivalent and tetravalent-doped ions such as Cr, Fe, Zn,
Cu, Ga, Co, Al, Ni and Ti [9]. Song et al [8] and Lee et al. [10] have
reported that the partial doping of cations is effective in suppressing
capacity fade upon cycling. Moreover, the capacity fade of LiMn; 04
often occurs in the 3V region and can be completely suppressed by
doping selenium with LiMn;04 [11]. Low temperature synthesis
methods such as sol-gel [12,13], chemical precipitation [14], and
hydrothermal and pechini processes [15] have been used to obtain
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cathode materials with the expected physical and electrochemi-
cal properties for use in lithium-ion batteries. The work reported
here is the first attempt to stabilize the spinel structure by using
glutamic acid as a chelating agent with tri-cation doping, specifi-
cally LiMgxSnyAl,Mny__,_,04 (X, y, z=Mg, Sn, Al) (x=0.01-0.09;
y=0.04-0.1; z=0.35-0.20), synthesized through a sol-gel process.

Further, the dopant ions are in the oxidation state of Mg2*, SnZ*
and AI* in this spinel compound. Mg doping in the spinel struc-
ture has been found to be beneficial [16] due to the large ionic
radius (7.2 nm) of Mg?* ions which stand as pillars in facilitating
easy lithium ion mobility into 8a tetrahedra. Studies on Sn-doped
LiMn, 0,4 are scarce. However, in a study [17] of Sn** doped on
LiMn,04 synthesized via precipitation, it has been reported that
Sn diffuses into the spinel lattice due to the higher bonding energy
of Sn—0 and the shorter bonding length of Sn-O compared to Mn-0,
which makes the crystal structure more stable, leading to the sta-
ble cycling performances of Sn-doped LiMn,04 cathodes during
the charge-discharge process. Al-doping in LiMn;04 helps in the
charge compensation of Mn3* ions and subdues the Jahn-Teller
distortion [18]. Furthermore, the fact that both Sn2* and AI** coun-
terparts have similar ionic radii (0.69 and 5.9 nm) may be beneficial
in combination with the former in stabilizing the effect of Sn2* on
the spinel structure. On the other hand, the triple doping enables
charge balance with the charge of the Mn3*/Mn** couple. Therefore,
the combined effect of triple doping in the Mn-spinel is expected
to enhance the electrochemical performance of LiMn;Oy4.
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Fig. 1. Flow chart of the synthesis of LiMg,Sn,Al,Mn;_,_,_,04 by the sol-gel method using glutamic acid as the chelating agent.

2. Experimental

LiMn;04 and LiMgxSnyAl;Mn,_x_y_,04 (X, ¥, z=Mg, Sn, Al)
(x=0.01-0.09; y=0.04-0.1; z=0.35-0.20) powders were synthe-
sized by the sol-gel method. Fig. 1 depicts the flow chart of
the synthesis procedure. Stoichiometric amounts of lithium and
manganese, nitrates and the dopant salts of magnesium nitrate,
aluminum nitrate and tin chloride were combined with one or
two drops of concentrated HCl (for dissolution) and dissolved
independently in triple-distilled water. The ionic solutions were
thoroughly mixed until the solution was homogeneous. The solu-
tion was stirred continuously with gentle heating, and 1 M glutamic
acid was added drop-wise to allow the chelation to take place. The
pH of the solution was maintained between 5 and 6, and the solu-
tion was slowly heated until a viscous gel was obtained. This gel
mass was dried overnight in a hot air oven at 110°C in order to
obtain a dried mass. A small amount of the gel was analyzed using
TG/DTA to understand the thermal behavior; the rest of the gel
mass was calcined at 850 °C for 6 h. For thermal analysis, the precur-
sors were heated at a rate of 10°Cmin~! up to 850°C in a nitrogen
atmosphere. All the calcined samples were subjected to physical
characterization studies (X-ray, SEM, TEM, EDAX, XPS, FT-IR) and
galvanostatic charge/discharge cycling studies.

2.1. Coin cell fabrication

Coin cells of 2016 configuration were assembled inside an argon
filled glove box (MBraun, Germany) using lithium foil as the anode,
Celgard 2400 as the separator, 1 M solution of LiPFg in a 50:50 (v/v)
mixture of ethylene carbonate (EC) and diethylene carbonate (DEC)
as the electrolyte and the synthesized material as the cathode. The
cathodes were prepared by a slurry coating procedure from a mix
comprising the synthesized compound as the cathode active mate-
rial, carbon black and poly(vinylidiene fluoride) (PVdF) binder in
n-methyl-2-pyrrolidone (NMP) solution. These were mixed in the
ratio of 80:10:10 so as to form a slurry. The slurry was coated over
aluminum foil and dried in a micro oven at 110°C for 2 h. The dry
coating was removed from the oven and pressed under a 10 tonnes
load for 2 min, and the cathodes (18 mm diameter) were punched
out using a punching machine.

2.2. Electrochemical studies
Coin cells of 2016 configuration were charged/discharged at

a constant current of C/10 rate between 2.8 and 5V using an
in-house battery cycling unit. The differential capacity curves of
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Fig. 2. Thermo gravimetric and differential thermal analysis (TG/DTA) of LiMn;04 and the LiMg,SnyAl;Mn;,_,_y_,04 spinel precursor. (a) Undoped spinel, (b) x=Mg-0.01;
y=5n-0.04; z=Al-0.35, (c) x=Mg-0.04; y =Sn-0.06; z=Al-0.30, (d) x=Mg-0.06; y = Sn-0.09; z=Al-0.25, and (e) x=Mg-0.09; y=Sn-0.11; z=AI-0.20.

LiMn,04 and LiMgg 91Sng o04Alg35Mnq 04 were plotted using the
charge-discharge cycling data.

3. Results and discussion
3.1. Thermal studies

Fig. 2(a) shows the TG/DTA curve of the spinel LiMn,O4 precur-
sor. The TGA curve depicts four weight loss regions. A weight loss
of 25% is observed up to 100°C, which may be attributed to the
removal of water. The weight loss region extending up to 249°C
may be ascribed to the decomposition of precursors and formation
of the spinel compound, which is displayed by the predominant
exothermic peak observed in the DTA profile. This conclusion is

also corroborated by the XRD profile for the samples calcined at
250°C, which presented all of the signature peaks of a spinel. The
flattening of the DTA curve indicates the closure of thermal events
after the formation of spinel products.

Fig. 2(b-e) shows the TG/DTA curve of spinel
LiMgxSnyAl;Mn,_4_,_,04 precursors. In all the cases, the thermal
sequences may be categorized into two zones. The first zone,
appearing up to 100°C, may be ascribed to water loss, and it is rel-
atively larger (50%) than that of the undoped spinel precursor. The
second zone of events, which occur up to 250 °C, correspond to the
decomposition of precursors and the formation of the spinel. The
presence of two or more exothermic peaks observed in this zone
may be ascribed to the decomposition of multi dopant precursors;
the exact identification of these peaks is rather complex.
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Fig. 3. XRD patterns of undoped spinel and LiMg,SnyAl,Mn;_»_, .04 powders cal-
cined at 850°C. (a) Undoped spinel, (b) x=Mg-0.01; y=Sn-0.04; z=Al-0.35, (c)
x=Mg-0.04; y=Sn-0.06; z= Al-0.30, (d) x=Mg-0.06; y = Sn-0.09; z=Al-0.25, and (e)
x=Mg-0.09; y=Sn-0.11; z= Al-0.20.

All the exothermic peaks observed above 200°C suggest that
the product undergoes further crystallization and structural refine-
ment, and the peak at around 243-249°C confirms the formation
of the spinel product. Temperatures beyond 380 °C suggest the clo-
sure of the thermal events.

3.2. X-ray diffraction studies

Fig. 3 shows the XRD patterns of undoped LiMn,O4 and
LiMgxSnyAlMn,_y_y_,04. The high intensity XRD reflections cor-
respondingtothe (111),(311),(222),(400),(331),(551),(440)
and (35 1) planes indicate the formation of a phase pure crystalline
spinel that is in line with the results obtained for spinels synthe-
sized through the solid-state-method as well as the sol-gel method
[16-25]. All the XRD peak reflections match perfectly with the
Joint Committee on Powder Diffraction Standard (JCPDS card No.
35-782).

3.3. FT-IR spectroscopy studies

The FT-IR spectra of sol-gel derived LiMn,04 powders calcined
at different temperatures, specifically 250, 450, 650 and 850°C,
are shown in Fig. 4. The FT-IR spectra of LiMn,04 synthesized
either by sol-gel or solid state methods have been reported by sev-
eral researchers [21,26,27]. IR spectral bands have been observed
at wavelengths between 509-516cm~! and 615-619cm~! and
are ascribed to the Li-O bending vibration and Li-Mn-0O stretch-
ing vibration, respectively. Further, all the FT-IR peaks for the
samples calcined at different temperatures exhibit similar IR spec-
tra. Fig. 5 depicts the FT-IR spectra of LiMgxSnyAl;Mnj_x_,_,04
powders with varying amounts of Mg, Sn and Al In the case of
doped spinel compounds, the IR spectral bands observed between
513-528 cm~! and 615-622 cm™! are attributed to the Li-O bend-
ing vibration and the reflections at higher wave number correspond
to the Li-Mg-Sn-Al-Mn-O stretching vibration. The FT-IR spectra
reported for the aluminum doped spinel [18,28] and Mg doped
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Fig.4. FT-IR spectra of LiMn, 04 particles calcined at different temperatures, specif-
ically 250, 450, 650 and 850°C.
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Fig. 5. FT-IR spectra of LiMgySnyAl,Mn;_x_,_,04 powders calcined at 850°C. (a)
Undoped spinel, (b) x=Mg-0.01; y =Sn-0.04; z=Al-0.35, (c) x = Mg-0.04; y = Sn-0.06;
z=Al1-0.30, (d) x=Mg-0.06; y=Sn-0.09; z=Al-0.25, and (e) x=Mg-0.09; y=Sn-0.11;
z=AI-0.20.
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Fig. 6. SEM images of undoped spinel and LiMg,SnyAl,Mn,_4_,_,04 powders calcined at 850°C. (a) Undoped spinel, (b) x=Mg-0.01; y = Sn-0.04; z= Al-0.35, (c) x=Mg-0.04;
y=5Sn-0.06; z= Al-0.30, (d) x=Mg-0.06; y =Sn-0.09; z=Al-0.25, and (e) x=Mg-0.09; y=Sn-0.11; z= Al-0.20.

spinel [29] agree with those reported in the present investiga-
tion.

3.4. SEM analysis

Fig. 6 depicts SEM images of undoped and doped spinel pow-
ders. The undoped spinel (Fig. 6(a)) mostly contains particles less
than 1pm in size. The particles of LiMggg1Sngo4Alp35Mny 04
and LiMgg 04SnggsAlg30Mny 604 (Fig. 6(b and c)) present a low
degree of agglomeration, with a primary particle size of 1 m. Fur-
ther, the spherical morphology is maintained with higher dopant

concentration (Fig. 6(d and e)), and there is not much variation in
the particle size.

3.5. TEM analysis

Fig. 7 shows TEM images of spinel LiMn,O4 and
LiMgxSnyAl;Mn,_4_,_,04 particles possessing remarkable porous
morphology. The selected area diffraction pattern (Fig. 7(a))
depicts a diffuse hollow with multiple fringes. In the case of
LiMgg 01Sngp4Alp35Mny 04, the particles are loosely agglom-
erated, which could be beneficial in encapsulating electrolytes.
This could in turn result in better diffusion kinetics of Li-ions to
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Fig. 7. TEM images of undoped spinel and LiMg,SnyAl;Mn;_,_y_,04 powders calcined at 850 °C. (a) Undoped spinel, (b) x=Mg-0.01; y =Sn-0.04; z=Al-0.35, (c) x=Mg-0.04;
y=5n-0.06; z=Al-0.30, (d) x=Mg-0.06; y =Sn-0.09; z=Al-0.25, and (e) x=Mg-0.09; y =Sn-0.11; z=Al-0.20.

the interfacial locations and could be favorable in deriving better
electrochemical performance.

3.6. EDAX analysis

Fig. 8(a—e) depicts the EDAX peaks of Mg, Sn, Al, Mn and O
in LiMny04 and LiMgxSnyAlMn;_,_y_,04 compounds. The EDAX
profiles corroborate the exact compositions of the undoped and
doped spinels. The unlabeled peaks correspond to zirconium from
the zirconia milling pots used for grinding.

3.7. XPS studies

The XPS studies for the undoped LiMn,O4 and
LiMgg 01Sng 04Alp35Mn; 604 samples have been investigated
to understand the oxidation state of metals in the spinel com-
pound synthesized by the sol-gel route. The results are depicted
in Figs. 9 and 10, respectively. For the undoped LiMn,0,4 samples
(Fig. 9), the binding energy peaks corresponding to the oxidation

state for Li 1s, Mn 2p, O 1s, and C 1s at 49.7, 642.7, 530.6 and
285.3 eV are well represented. All the XPS reflections agree with
those in earlier reports [27]. Fig. 10(c-e) clearly depicts the binding
energy of the predominant peaks for the doped spinel, in which
the binding energies corresponding to Al 2p, Mg 1s and Sn 3d are
assigned to AI3*, MgZ*, Sn2* at 75.4, 1304.7 and 486.7 eV and are in
good agreement with earlier reports [28,29].

3.8. Galvanostatic charge-discharge studies

Fig. 11 shows the first cycle charge-discharge behavior of pure
LiMn;04 and LiMgxSnyAl,Mn;_,_,_,04 particles with different Mg,
Sn and Al stoichiometry. The charge discharge profiles of both
undoped and doped spinels exhibit similar behavior, indicating that
doping with multiple cations does not cause any structural modifi-
cations or any significant change in the electrochemical sequence.
The undoped LiMn,04 spinel synthesized using glutamic acid as
the chelating agent and calcined at 850 °C delivers a maximum dis-
charge capacity of 122 mAh g1 compared to a theoretical capacity
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Fig. 8. EDAX images of undoped spinel and LiMg,SnyAl;Mn;__y_,04 powders calcined at 50°C. (a) Undoped spinel, (b) x=Mg-0.01; y =Sn-0.04; z=Al-0.35, (c) x=Mg-0.04;
y=Sn-0.06; z= Al-0.30, (d) x=Mg-0.06; y =Sn-0.09; z=Al-0.25, and (e) x=Mg-0.09; y=Sn-0.11; z=Al-0.20.

of 148.6 mAh g1, which corresponds to a 67% material efficiency
during the first cycle. The discharge capacity is also higher than
that of the doped spinels. Further, these results are superior that
those of earlier studies [30] of an undoped spinel synthesized via
the sol-gel method, in which a discharge capacity of 98 mAhg~!
was obtained during the first cycle and 92mAhg-1 in 10 cycles.
The function of glutamic acid as the chelating agent in synthe-
sizing the spinel compound via the sol-gel method facilitates the
formation of a metal ligand chain between Mn-0 and COO—, result-
ing in the formation of a LiMny04 and LiMgxSnyAl;Mnj_x_,_,04
spinel product that eventually contributes to a higher discharge
performance.

The discharge performance and columbic efficiency delivered
by the undoped and doped spinels over the investigated 10 cycles
are depicted in Figs. 12 and 13, respectively. An overview on
these graphical representations depicts the fact that undoped and
doped spinels (Mg, Al and Sn) of different stoichiometry deliver
(Fig. 12) a maximum discharge capacity of 122, 115, 110, 106
and 104mAhg-! during the first cycle respectively. However, in
the case of doped samples, it can be seen that the sample with
low Mg-doping (LiMgg1Sngg4Alg35Mnyg04) exhibits a higher
capacity (115mAhg-1) than the other compositions. The capac-
ity fade of the undoped and doped samples is on the order 1.6,
1.0, 1.4, 1.5 and 1.4mAhg-!cycle~! over the investigated 10
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Fig. 9. XPS studies of LiMn;04.

cycles. Thus, LiMgg o1Sng4Alg35Mnq 04 outperforms the other
dopant concentrations and the pristine one in terms of discharge
capacity and stable discharge behavior, thereby exhibiting low
capacity fading of 1.4mAhg~!cycle-! over the investigated 10
cycles. This superior performance may be attributed to low order
of cation mixing which stabilizes the spinel structure. Further,
a comparison of these results with those in the literature indi-
cates that manganese spinels with 0.05 Mg, 0.10 Mg and 0.05 Al
doping synthesized by a co-precipitation method [31] have been
reported to deliver maximum discharge capacities of 98, 93 and
102mAhg-! on the 10th cycle, which is inferior to our results.
Furthermore, the LiAlyg5Mn; 9504 spinel has been synthesized by
ultrasonic assisted sol-gel method [30] to deliver a maximum dis-
charge capacity of 100mAh g~ during the 10th cycle. Moreover, it
has been claimed that the studies on LiAlg {Mnq 04 [32] stabilized
its capacity at approximately 60 mAh g~1 after the 5th cycle, which
isalsolower than our reported results. Therefore, it is apparent from
the present investigation on the synthesis of spinel compounds
using glutamic acid as the chelating agent achieves better elec-
trochemical stability upon repeated cycling compared to earlier
results.

3.9. dQ/dE vs. potential curves

The differential capacity curves plotted from the charge-
discharge data of the parent LiMn,;0O4 calcined at 850°C are
illustrated in Fig. 14(a). These curves depict redox peaks cor-
responding to the extraction and insertion of lithium. Two
well-defined anodic peaks around 4.03 and 4.16V correspond to
the Mn3*/Mn** couples and the two broad reductive peaks at about
3.5 and 3.6V indicate the reductive behavior of the spinel. More-
over, the two anodic peaks of the undoped spinel exhibit high peak
currents of 644 and 670 mAh g~ mV-1, and the cathodic peaks are
relatively broader and show low peak currents; this indicates that
the anodic process is more facile than the cathodic one and that the
cathodic process is diffusion controlled. Further, the peaks confirm
the reversibility of the electrode reaction.

The differential capacity curve of LiMgg o1Sng g4Alg35Mn; 604
calcined at 850°C is shown in Fig. 14(b). The plots show similar
behavior to that of the pure sample. A closer observation of the
peaks suggests that the positive peak currents give the impression
of slight superiority in the reaction scheme, which is eventually
reflected in the higher columbic efficiency upon cycling.
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Fig. 12. Discharge capacity of LiMn,04 and LiMgySnyAl,Mn;_y_,_,O4 particles cal-
cined at 850°C. (a) Undoped spinel, (b) x=Mg-0.01; y=Sn-0.04; z=AI-0.35, (c)
x=Mg-0.04; y=Sn-0.06; z=Al-0.30, (d) x=Mg-0.06; y =Sn-0.09; z=Al-0.25, and (e)
x=Mg-0.09; y=Sn-0.11; z= Al-0.20.
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Fig. 13. Columbic efficiency of LiMn, 04 and LiMg,SnyAl,Mn;_x_,_,O4 particles cal-
cined at 850°C. (a) Undoped spinel, (b) x=Mg-0.01; y=Sn-0.04; z=Al-0.35, (c)
x=Mg-0.04; y=Sn-0.06; z=Al-0.30, (d) x=Mg-0.06; y =Sn-0.09; z=Al-0.25, and (e)
x=Mg-0.09; y=Sn-0.11; z= Al-0.20.
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Fig. 14. (a) Differential capacity curve for LiMn,04 and (b) Differential capacity
curve for Lngg_m Sno_04A10_35Mn1_604.

4. Conclusion

For the first time, pure spinel LiMn,O4 and
LiMg,SnyAl;Mny_,_,_,04 (x, y, z=Mg, Sn, Al) (x=0.01-0.09;
y=0.04-0.1; z=0.35-0.20) powders have been synthesized by
the sol-gel method using glutamic acid as the chelating agent
to obtain micron-sized particles for use as cathode materials
in lithium rechargeable batteries. All the XRD peak reflections
of LiMn,04 and LiMgyxSnyAl;Mn,_y_,_,04 calcined at 850°C
reflects a high degree of crystallinity and phase purity of the
synthesized materials. The SEM images of the parent LiMn;0,4
reveal that the majority of the grains are 1pm in size. The
LiMgo,015n0,04Alp35Mn1 604 and LiMgp.045n0.06Al0.30Mn1,604 par-
ticles present a low degree of agglomeration, and the primary
particles are 1 wm in size. TEM images of the spinel LiMn,0O4 and
LiMg,SnyAl;Mn;_,_,_,04 ascertain that the synthesized particles
are nano-sized, with uniform surface morphology. EDAX peaks
of Mg, Sn, Al, Mn and O have corroborated their exact compo-
sitions in LiMn,04 and LiMgySnyAl;Mny_,_y_,04. XPS studies
depict the surface oxidation state of the metals in LiMn,;04 and
LiMg,SnyAl;Mn;_,_,_,04 compounds. LiMn,04 samples calcined
at 850°C deliver a discharge capacity of 122mAhg-! in the first
cycle. Among the investigation of all dopant concentrations, the
LiMgg.01Sng04Alg35Mny 604 sample exhibits a stable discharge
behavior with a low capacity fade of 1 mAhg~! cycle~! over the 10
cycles investigated.
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