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Sol-gel assisted spinel LiCr,Ni,Mn, , ,O4 (0 = x = 0.4 and 0 =y = 0.4) has been synthesized. The thermal study of the
precursor was carried out by thermogravimetric and differential thermal analyses. Furthermore, the material has been subjected to
X-ray diffraction, scanning electron microscopy, Fourier transform IR spectroscopy analysis, X-ray photoelectron spectroscopy,
cyclic voltammetry studies, and electrochemical charge-discharge studies. The X-ray diffraction of LiCr,Ni\Mn,_,_,O, matches
well with the Joint Committee on Powder Diffraction Standard card no. 35-782, confirming the formation of a single-phase spinel.
Charge—discharge studies were carried out between 3 and 5 V to understand the electrochemical behavior of the undoped and
doped spinels. LiCr»sNij,sMn; 50, calcined at 850°C possesses a particle size of around 70 nm and exhibits an initial discharge
capacity of 105 mAh g~ stabilizing at 98 mAh g™! over the investigated 20 cycles. However, maleic acid derived
LiCr( sNiy,sMn, 50, delivers a stable higher discharge capacity of ~115 mAh g~! over the investigated 20 cycles and is a

promising 5 V cathode material.
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The technological escalation in the microelectronics zone and the
onset of applications ranging from toys to missiles necessitate low
cost, environment-friendly, and thermally stable lithium batteries
with high power and energy densities. To meet these requirements,
intense research has been focused on the spinel LiMn,Oy4 as a pro-
spective cathode material in lithium secondary batteries due to its
low toxicity, easy availability, environment-friendly nature, the fac-
ile synthesis of this phase, and also the low cost of lithium manga-
nese oxide compared to other transition-metal oxides such as
LiCoO, and LiNiOz.l’2 Recent trends in lithium batteries have been
focused on the development and characterization of an enhanced
performing high voltage cathode material operating in the 5 V
regions.” Researchers revealed that partial substitution of manganese
in LiMn,O,4 with 3d transition metals renders it a high voltage ma-
terial with improved cyclability. Extending this concept of replacin,
Mn atoms by 3d transition-metal atoms in LiMn,O,4, Zhang et al.
substituted Cr, whereas Amdouni et al.’ and Wu et al. substituted Ni
in LiM,Mn,_, O, (M = Cr, Ni) and concluded that the lost capacity
at the 4 V plateau reappears in the higher voltage plateau (>4.5 V
for M = Cr and >4.7 for M = Ni).7’ Several papers reported that
single-/multidoped cubic spinels and layered compounds were
charged up to 5 V to increase the capacity and reduce the capacity
fade upon repeated cycling.g'll

The Ni substitution leads to higher discharge plateaus around 5 V
and, in turn, to a high power density. The structural disintegration
upon cycling can be prevented by substituting metal with a higher
bonding energy. Toward this goal, Cr is substituted to maintain the
spinel structure during cycling as the bonding energy of Cr-O is
stronger than that of Mn—-O and Ni-0."2

In this present study, LiCr,Ni;Mn,_._,04 (0 = x = 0.4 and 0
=y = 0.4) using glycine or maleic acid as chelating agents has
been synthesized by a sol—gel technique. The physical and electro-
chemical studies of the synthesized material have been done, and the
experimental results are discussed.

Experimental

Figure 1 shows the flow chart for the synthesis of
LiCr,NiyMn,_,_,0, by a sol-gel method using glycine or maleic
acid as chelating agents. Stoichiometric amounts of nitrates of
lithium, manganese, chromium, and nickel were uniformly mixed
and dissolved in triple-distilled water. This solution was continu-
ously stirred for some time with mild heating to obtain a homoge-
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neous solution. The solution was added drop by drop into an aque-
ous solution of 3 M glycine or 1 M maleic acid solution, which is
used as chelating agent. The pH of the solution was adjusted be-
tween 5 and 7.5 using ammonia solution. The process of stirring and
heating was continued until a solid gel was obtained. Furthermore,
the gel was initially heated overnight at 110°C. The thermal behav-
ior of the gel precursors was characterized by thermogravimetry
(TG) and differential thermal analysis (DTA) in a PL Thermal Sci-
ences Instrument model STA 1500. All experiments were carried out
in air at a heating ramp of 20°C/min with typically 50 mg samples.
Furthermore, this gel mass was calcined at different temperatures,
viz., 250, 400, 600, and 850°C for 8 h in alumina crucibles. The
resulting calcined samples are physically characterized using an
X-ray diffractometer (XRD, JEOL 8030) with nickel filtered Cu Ka
radiation, a scanning electron microscope (SEM, Hitachi S-3000 H),
a Fourier transform infrared (FTIR) spectroscope (Perkin-Elmer,
model paragon-500 spectrophotometer), and an X-ray photoelectron
spectroscope (XPS, VG electron spectroscope X-ray source Al Ka
radiation) with a scan range of 0—1200 eV binding energy. The col-
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Figure 1. Flow chart for the synthesis of LiCr,Ni;Mn,_,_,O, by a sol—gel
method using glycine/maleic acid chelating agents.
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lected high resolution XPS spectra were analyzed using an XPS
peak software fitting program. The energy scale was adjusted on the
carbon peak in the C 1s spectra at 284.5 eV.

Electrochemical Studies

The electrochemical cell was a typical 2016-type coin cell
(Hohsen Co., Japan) assembled using lithium metal as anode, Cel-
gard 2400 as separator, 1 M solution of LiPFy in a 50:50 (v/v)
mixture of ethylene carbonate/diethylene carbonate as electrolyte,
and the synthesized material as cathode active material. The cath-
odes were prepared using a slurry coating procedure over an alumi-
num foil of 18 mm diameter. The slurry is an 85:10:5 mixture of the
respective cathode active material, acetylene black, and poly(vi-
nylidene fluoride) in N-methyl-2-pyrrolidone. A battery cycling
tester unit has been employed for evaluating the charge—discharge
characteristics in the voltage range (3.0-5.0 V) at the C/10 rate.

Temperature (°'C)

8

Cyclic voltammetry studies of LiCrj,5Nij,sMn; ;0,4 electrodes
were performed at a scan rate of 10 wV s~ in the potential range
of 3.0-5.0 V using a PAR 273A (EG&G) potentiostat.

Results and Discussion

Thermal studies.— Figure 2 shows the TG/DTA curves of the
glycine and maleic acid assisted sol-gel derived LiCr,Ni,Mn,_ 0.
The TG curves of all dual-doped spinel depict two weight loss
zones. Ab initio, a weight loss of ~15% in LiCr(Nij4Mn; 50y is
obtained up to 152°C and may be due to the loss of a water mol-
ecule. Subsequently, another weight loss zone is seen between 152
and 300°C corresponding to 50% weight loss, which could be as-
cribed to the decomposition of glycine or maleic acid as chelating
agents and nitrate precursors. DTA curves show a shallow and high
sharp exothermic peak, suggesting the formation of a spinel com-
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Figure 3. XRD patterns of the sol-gel derived LiCr,NijMn,_,_,0, calcined
at 850°C. (a) Cr: 0.1, Ni: 0.4; (b) Cr: 0.2, Ni: 0.3; (¢) Cr: 0.25, Ni: 0.25; (d)
Cr: 0.3, Ni: 0.2; and (e) Cr: 0.4, Ni: 0.1.

pound at around 175 and 272°C. The formation temperature of
LiCry3Nig,Mn; 504 is low, i.e., ~257.04°C in view of the higher
specific heat of nickel (444 kJ/mol) compared to chromium (397
kJ/mol). Furthermore, the formation temperatures with two exother-
mic peaks at all dual-doped spinel compounds are seen between 257
and 272°C without much variation. However, in maleic acid as
chelating agent, the formation temperature is much lower (236°C)
and could be due to the higher combustible nature associated with

Figure 4. SEM images of different dopant levels of the glycine assisted
LiCr,Ni,Mn,_,0, calcined at 850°C. (a) Cr: 0.1, Ni: 0.4; (b) Cr: 0.2, Ni: 0.3;
(¢) Cr: 0.25, Ni: 0.25; (d) Cr: 0.3, Ni: 0.2; (e) Cr: 0.4, Ni: 0.1; and (f) Cr:
0.25, Ni: 0.25 (maleic acid assisted).
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Figure 5. FTIR spectra of the glycine assisted LiCr,Ni,Mn,_,O, calcined at
850°C. (a) Cr: 0.1, Ni: 0.4; (b) Cr: 0.2, Ni: 0.3; (c) Cr: 0.25, Ni: 0.25; (d) Cr:
0.3, Ni: 0.2; and (e) Cr: 0.4, Ni: 0.1.

two carboxylic acids. Finally, all the sol-gel synthesized nitrate pre-
cursors confirm no weight loss beyond ~350°C, suggesting the
completion of thermal events.

XRD.— Figure 3 shows XRD patterns of the sol-gel derived
LiCr,NiyMn,_,_,0, calcined at 850°C. High intensity peaks such as
(111), (311), (222), (400), (331), (551), (440), and (351) obtained
from the samples calcined at 850°C show the high degree of crys-
tallinity with the phase pure structure and with the formation of the
spinel com[i)ound, which has a striking similarity with previous
researchers.' ™' The pristine spinel has the Fd3m space group
wherein lithium occupies the 8a tetrahedral sites, manganese ions
(Mn3* and Mn**) occupy the 16d sites, and 0%~ occupies the 32e
sites. " However, when it is heated above 900°C, some impurities in
the additional peaks are observed, such as Mn3;0O, and Li,MnOs. In
other words, when the spinel structure is calcined to 900°C, it trans-
forms into a layered structure of LiMnO,, which is unstable below
900°C, and it is oxidized in air to form LianO4.16 All the peak
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signatures of the spinel agree well with JCPDS card no. 35-782.
Glycine or maleic acid as chelating agent in the sol-gel synthesis is
beneficial for favoring the metal ligand chain between Mn-O and
COO", resulting in the formation of the spinel product. Finally, the
highly crystalline compounds were subjected to electrochemical
charge—discharge studies.

FTIR spectroscopy.— Figure 4 shows the FTIR spectra of the
glycine or maleic acid assisted LiCr,Ni,Mn,_ O, calcined at 850°C.
The synthesized sample was ground, mixed with KBr, and pressed
into 10 mm diameter pellets. The FTIR spectra reveal asymmetric
stretching and asymmetric bending vibrations for the lithium man-
ganese oxide spinel. The high frequency bands of the FTIR absorp-
tion spectrum of LiMn,O, located at approximately 615 and
513 cm™! are attributed to the asymmetric stretching modes of the
MnOg octahedra, whereas the low frequency bands at approximately
225, 262, 355, and 420 cm™!' have a mixed character due to the
presence of the bending modes of O—/Mn-O bonds and the modes
of LiOy tetrahedra in the spinel structure. FTIR study on chromium-
and nickel-doped spinel had been investigated by several authors.™ !
The IR spectral band seen at a lower wavelength of around
614 cm™! may be assigned to the Cr-O stretching vibration band,
and another band is shown at a higher wavenumber of around
512 cm™! due to Ni-O. These observations agree well with previous
researchers. Furthermore, it is ascertained that there are no signifi-

Binding Energy (eV)

cant spectral reflections as all samples were calcined at 850°C ex-
cept for a slight shift for the nickel dopant toward a lower wave-
number.

SEM.— Figure 5 shows SEM images of different dopant levels
of the glycine or maleic acid assisted LiCr,Ni,Mn,_,0, calcined at
850°C. The surface morphology of LiCr, ;Nij4Mn; 50,4 calcined at
850°C (Fig. 5a) clearly illustrates an average particle size of
0.5 wm, whereas in the other two doped samples
(LiCry,Nip3Mn; 504, LiCryp;Nip,Mn; 50,), the average spherical
grain size is around 0.5 pwm. Furthermore, LiCr(4Niy Mn; 504 de-
picts a small particle size (0.3 pum) with small grains compared to
other dopants. However, in the maleic acid derived
LiCrg»5Nip ,sMn,; 504 calcined at 850°C, an average particle size of
~0.25 pm is reflected in the charge—discharge studies for obtaining
high electrochemical activity and coulombic efficiency. The above
preliminary observations suggest that an equal ratio of the Cr and Ni
dopants (LiCrj,s5Nig,sMn; sO,) in the pristine spinel is beneficial
for enhancing the electrochemical performance.

XPS studies.— The LiCr(,5Nig,sMn; 504 sample has been ana-
lyzed to divulge the oxidation states of the metal genus present in
the spinel compound (shown in Fig. 6a-c). The Ni 2p;,, XPS spec-
trum is located at 854.6 eV, and it has been assigned to Ni%*. The
satellite peak at 858.7 eV has been assigned to multiple splitting of
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nickel oxide energy levels. The peaks closely agree with those re-
ported by earlier researchers.”'®!° In Fig. 6b, the binding energy
major peak value is due to Mn 2p3),, and the satellite peaks are at
642.4 and 654 eV. The binding energy major peak value is a bit
higher than those reported, and it could be assigned due to the in-
creased content in Mn** of the spinels, as derived from the average
oxidation states by suppressing Mn**.***! In the Cr 2p scan (Fig.
6¢), the binding energy is located at 576.6 and 585.7 eV, is assigned
to Cr’*, and agrees well with literature.”> The binding energy peaks
observed at 529.6 and 284.5 eV are for O 1s and C 1s.

Galvanostatic charge—discharge and cycling studies.— Figure
7a-e shows the first charge—discharge behavior of different dopant
levels of the glycine assisted LiCr,Ni,Mn,_,0, calcined at 850°C.
The LiCr(Niy4Mn; 504 compound calcined at 850°C delivered a
discharge capacity of 64 mAh g~! against a charging capacity of
95 mAh g~! corresponding to 75% coulombic efficiency. It is evi-
dent that all other cells comprising the cathode materials, viz.,
LiCry 5Nig 3Mn; sO4,  LiCry p5Nig2sMny 504, LiCro3Nig ,Mn 504,
and LiCrg 4Nijp;Mn; 50y, first deliver discharge capacities of ~82,
100, 72, and 65 mAh g!, respectively. Among all the investigated
cells, the equal ratio of dopants in LiCr(,5Nij,sMn; 5O, with gly-
cine as chelating agent exhibits better electrochemical performance
(~100 mAh g!) with a high coulombic efficiency of ~85%.

The higher first charge—discharge (~115 mAh g!) is obtained

Specific Capacity (mAh/g)

in the maleic acid assisted synthesis of LiCr(,sNij,sMn; 504 cal-
cined at 850°C (Fig. 7f). This observation could be assigned to the
two COOH groups present in maleic acid compared to one in gly-
cine, thereby facilitating the formation of metal ligand chains be-
tween Mn—O and two COOH™ groups, resulting in the formation of
submicrometer-sized particles and resulting in stabilizing the spinel
structure. However, at unequal dopant concentrations, there are
much decrease in discharge capacities, owing to the high density of
the cation distribution.

Figure 8a-e illustrates the cycling behavior of the investigated 20
cycles and the corresponding coulombic efficiencies for different
dopant levels of the glycine assisted LiCrNi,Mn,_,O, calcined at
850°C. The LiCrj;Nip4Mn; 5O, compound calcined at 850°C
shows an initial discharge capacity of 64 mAh g~!, but the capacity
drastically fades up to 10 cycles and finally stabilizes at around
45 mAh ¢! over the investigated 20 cycles. In
LiCr(,Nig3Mn; 504, a very low capacity fade has been observed,
ie., 0.01 mAh g ! cycle™!, vindicating the better capacity reten-
tion with a discharge capacity of 81 mAh g~! corresponding to a
coulombic efficiency of 85%. Furthermore, in the other two compo-
sitions (LiCry3;Nig,Mn,; 504 and LiCrq4Nij ;Mn; 50,), the discharge
capacities of 75 and 65 mAh g~!, respectively, are delivered in the
20th cycle, corresponding to a capacity fade of 0.12 and
0.04 mAh g! cycle™! with a coulombic efficiency of ~85%. The
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equal doping ratio of LiCr(,sNiy,sMn; 5O, with maleic acid as
chelating agent delivers the maximum capacity of ~115 mAh g~!
with a capacity fade of only 0.01 mAh g~! cycle™!, corresponding
to a coulombic efficiency of 92%, and exhibits a higher capacity
with a very low capacity fade than glycine assisted spinel. The ob-
servations  indicate that the equal doping ratio of
LiCr(,5Nip,5sMn; 50, with maleic acid as chelating agent exhibits a
higher discharge capacity and a good coulombic efficiency com-
pared to other doped spinels using glycine.

LiCrq Nig4Mn; 50, was reported recently by Liu et al."? using
citric acid as chelating agent to obtain a high discharge capacity of
the spinel. In his paper, only one composition, i.e.,
LiCrjNig4Mn, 50, synthesized by a sol-gel method having a low
concentration of chromium and a high concentration of nickel, de-
livered a discharge capacity of ~110 mAh g~!. Furthermore, Sun
et al. reported the electrochemical performance  of
LiCr(4Nij,Mn; 40, obtained by a solution method after heating for
18 h to use as a cathode material for lithium rechargeable batteries.’
In our present study, an attempt has been made to use either glycine
or maleic acid as chelating agent so as to enhance the electrochemi-
cal performance of the spinel. However, our results are superior with
maleic acid assisted manganese spinel (LiCry,5Nig,sMn; 50,) ex-
hibits a very stable discharge capacity of ~115 mAh g~ with a
very low capacity fade 0.01 mAh g=! cycle™ up to 20 cycles.

Cycle number

Cyclic voltammetry studies.— Figure 9 depicts the typical cyclic
voltammetric curve obtained from LiCrg,5Nij,sMn; sO4. There are
no peaks around the 3 V region, revealing the absence of Mn3*,
which is present in the sample and is corroborated by the Mn 2p
scan of the XPS studies. There are two major oxidation peaks at
around 4.2 and 4.9 V, and two major reduction peaks are observed at
around 3.9 and 4.6 V, which can be attributed to the lithium deinter-
calation and reintercalation processes. These peaks are also signa-
tures of the cubic spinel compounds and indicate perfect reversibil-
ity. The peaks at around 4.2 V could be assigned to the
electrochemical oxidation of manganese ions, and the peaks at
around 4.9 V could be assigned to the oxidation of Ni and Cr. The
reduction processes of Mn, Ni, and Cr are indicated by the two
reduction peaks observed at 3.9 and 4.6 V.

Conclusions

LiCr,NiyMn,_,_,0, (0 =x =04 and 0 =y = 0.4) has been
synthesized using either glycine or maleic acid via a sol-gel method
to obtain submicrometer-sized particles to enhance the electrochemi-
cal stability of the spinel. The XRD and SEM studies show the
formation of a single-phase compound with spherical grains of the
surface morphology having an average particle size of 0.5 pm. The
synthesized spinel has been ascertained by the XRD and FTIR stud-
ies. Charge—discharge studies confirm that among all the investi-
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Figure 9. Cyclic voltammetry studies of LiCry,5Nig,sMn; 50,.

gated cells, the equal ratio of the dopants with maleic acid assisted
LiCr(,5Nip,sMn; 5O, exhibits a maximum superior performance
(~115 mAh g~') with a capacity fade of 0.01 mAh g~! cycle™
corresponding to a coulombic efficiency of 92% compared to that of
glycine assisted LiCr,5Nij,5Mn; sO4 in the investigated 20 cycles.
Finally, LiCr(,5Nij,sMn; 504 with maleic acid as chelating agent
seems to be an apt positive material to deliver a high capacity for
use in lithium rechargeable batteries. Furthermore, LiCrj,5Nig s
Mn,; sO, can be rewritten as Li*![Crqs]*3[Nigos]™2[Mng 5]
[MH1_25]+4[O4]_2, i.e., Li(Cr1/4Nil/4Mn1/4)Mn1'2504. This is akin to
LiNi,;3Co,3Mn,,30,, which has been recently claimed as a promis-
ing cathode material and a possible alternative to LiCoO,.
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