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ABSTRACT: 25 

LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) doped particles have been synthetized by 26 

sol-gel. Particles between 50 and 200 nm were obtained with the cubic spinel structure of 27 

the LiMn2O4. Ni doping shows a more efficient substitution in the octahedral 16d site, 28 

replacing the Mn3+ ion, improving the important drawback of poor cycling behavior of 29 

LiMn2O4. The average pore size decrease with the addition of the doped elements in the 30 

LiMn2O4 structure from 2.9 to 2.6 nm. Thermal analysis shows that the doped particles 31 

present higher thermal stability that the undoped ones. Electrochemical behavior of the 32 

cathodes prepared with each of the active materials show that the doping influenced the 33 

electrochemical performance of the active material. Thus, a specific capacity of 33, 74, 34 

44 and 53 mAh g-1 (at C) and 74, 89, 59 and 69 mAh g-1 (at C/10) were obtained for 35 

LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 cathodes, respectively. All 36 

cathodes present good electrochemical stability with low capacity fade of 0.5 and 3.1 % 37 

for LiMn1.5Ni0.5O4 and LiMn1.5Cu0.5O4, respectively, after 50 cycles. These results show 38 

an improvement of electrochemical performance for LiMn2O4 doped with Ni, Cu and Co, 39 

demonstrating their suitability for lithium-ion battery systems. 40 

 41 

KEYWORDS: active material; cathode; doping; lithium ion batteries; LiMn2O4 42 

 43 
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1. Introduction 45 

 46 

The increase of portable electronic devices and hybrid electric vehicles in recent years 47 

raised the demand of high energy density energy storage systems. Lithium-ion batteries 48 

(LIBs) were first reported in 1970s and after commercialization by Sony in 1991, became 49 

the central pillar of energy storage systems because of its long lifespan, low self-50 

discharging, high energy/power density and low memory effect. LIBs are composed by 51 

three main components: anode as a negative electrode, cathode as positive electrode and 52 

separator/electrolyte between both electrodes [1, 2]. The cathode active materials, 53 

through their characteristics lattice sites/spaces, are responsible for the lithium-ion 54 

storage/release, via electrochemical intercalation. Active cathode materials with a robust 55 

crystal structure are responsible for the cycling stability and specific capacity of the 56 

battery. Also, cathodes with high electrochemical intercalation potential and anodes, lead 57 

to high energy density batteries [3].  58 

Cathode active materials such as Li2MnO3, LiCoO2, LiFePO4, Li(NiCoAl)O2 and LiNiO2, 59 

among others, are used for Li-ion rechargeable battery applications (both, commercially 60 

and under investigation) [4, 5]. One of the promising cathode active material for LIBs is 61 

spinel LiMn2O4 (LMO), that can intercalate two lithium ions in its structure. The first 62 

intercalate at 4 V (vs Li+/Li) and the second at 3 V (vs Li+/Li). Advantages are 63 

environmental benignity, high rate capability, high cell potential, low toxicity and low 64 

cost are associated to this structure. Nevertheless, the applicability of this structure in 65 

LIBs is limited to a capacity of 148 mAh g-1 at 4 V region, due to the volume expansion  66 

at 3 V region [6, 7]. This active material presents some drawbacks as a practical capacity 67 

of 120 mAh g-1, reached by the ≈ 80% of the lithium ions deintercalation. The fracture of 68 

the structure by the repeated cycles and the decomposition of the electrolyte (at high 69 

voltages) represent relevant disadvantages of this active material [8]. Further, this active 70 

material presents poor cycling behavior due to their fast capacity fading in the 3 V range 71 

originated by the Mn3+ dissolution during the lithium-ion deintercalation/intercalation 72 

and the Jahn-Teller distortion of MnO6 octahedron at 4 V. Thus, the reduction of the Mn3+ 73 

ion in the LiMn2O4 spinel structure will improve the cycling performance of the batteries 74 

assembled with this active material [9]. Efforts to improve the cyclability and 75 

performance of such cathodes involve morphology control [10], coating/functionalization 76 

[11, 12], dimension reduction [13], oxygen stoichiometry [14] and doping [15]. The 77 
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substitution of the Mn3+ ion by other ions are the most efficient improvement method and 78 

doping metals including Zn, Co, Fe, Cu, Ti, Mg, Al, Ni or  Cr, came as a solution to 79 

improve this drawback [8, 16, 17]. Furthermore, the doping with transition metals in some 80 

active materials promotes the change in the oxidation state of oxygen due to the 81 

deintercalation/intercalation of lithium ion into cathode during the charge/discharge 82 

process. The addition of elements with multiple oxidation states should balance the 83 

charge in the cathode structure during electrochemical cycling, increasing the stability 84 

and specific capacity of the material [18]. 85 

Previous work [19] have demonstrated that the addition of rare earth elements as Gd, Nd 86 

or Dy into LiMn1.5Ni0.5O4 influence the electrochemical behavior of the active material. 87 

LiMn1.48Ni0.5Gd0.02O4 shows excellent applicability in LIBs, compared with the others 88 

studied active materials, at high scan-rate (C-rate) with good electrochemical 89 

performance (104 mAh g-1 after 55 cycles at C-rate). LiNi0.5Mn1.5O4 active material 90 

surface-treated with cobalt at 500 and 700 °C allow to increase the electrochemical 91 

response of LIBs [20]. Transmission electron microscopy (TEM), Raman and X-ray 92 

photoelectron spectroscopy (XPS) results show that the samples treated at 700 °C creates 93 

a surface layer on the active material that enhances the long cycle and high-temperature 94 

cycling performance. The reason for this excellent performance is due to the cobalt layer 95 

that decreases the nickel concentration and also increases the oxidation state of nickel on 96 

the surface. The sample shows a capacity of 93 mAh g-1 after 2000 cycles at 5C-rate with 97 

a capacity retention of 81%.  98 

Compared with rare earth elements, the use of transition metal elements more abundant 99 

in the Earth crust and less expensive, to improve the LMO drawbacks should be explored. 100 

Therefore, Cu and Co doping  of LiMn2O4, that are poorly studied, were achieved and 101 

compared with Ni doping, which is more studied and leads to high specific capacity value. 102 

Further, a sol-gel synthesis method for Ni, Cu and Co doping of LiMn2O4 is presented in 103 

order to develop LIB cathode active materials for energy storage systems. With the 104 

present study, the different contributions of each element have been studied and their 105 

electrochemical performance evaluated, showing their potential in the energy field. 106 

  107 
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2. Material and methods 108 

2.1. Particles synthesis and characterizations 109 

 110 

LiMn2O4 and Ni, Cu and Co doped (LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4, 111 

respectively) particles were synthetized via sol-gel method using precursors of lithium 112 

acetate – LiCH3COO (99.9%), manganese acetate – Mn(CH3COO)2 (99.5%), nickel 113 

acetate – Ni(CH3COO)2 (99.9%), copper acetate – Cu(CH3COO)2 (99.9%) and cobalt 114 

acetate – Co(CH3COO)2 (99.9%) (all from Alfa Aesar, USA), in their stoichiometry ratio. 115 

To reach homogeneous solutions, the precursors were dissolved in 2-ethyl hexanoic acid 116 

(99% from Merck) at a temperature between 100-150 °C, followed by stirring at 250 rpm 117 

for 30 min. As prepared powders were exposed to a heating treatment in order to achieve 118 

high purity phase and stability. More details on the synthesis process can be found in [21]. 119 

The obtained pure phase particles were then ball milled with 10:1 ball weight/material 120 

weight ratio for 6 h in a planetary high energy ball milling (Retsch PM-100 model). 121 

Elemental analysis and surface morphology were evaluated by Scanning Electron 122 

Microscopy (SEM) using a Scanning Electron Microscope (Carl Zeiss, Evo special 123 

addition). The beam current during energy dispersive X-ray and surface morphology were 124 

200 nA and 80 pA, respectively. Phase-contrast images were obtained by high-resolution 125 

transmission electron microscopy (HRTEM) measurements using a TEM Tecnai G2 126 

instrument by FEI with an accelerating voltage of 200 kV. The powder’s phase purity 127 

was characterized by X-ray using a Brucker D8 advance, in the range two theta angle 128 

10°–80° with a scan rate of 0.02° per second in locked coupled mode. To evaluate the 129 

samples phase content and identification, the Rietveld method using TOPAS-3 software 130 

(Bruker AXS Inc.) and the EVA software (EVA Software, DIFFRACplus Release 2006, 131 

Bruker AXS) were used. The structural characterization was realized by Raman analysis 132 

performed with 2 mW power air-cooled LASER excitation source operating at 532 nm, 133 

using an STR 500, Airix Japan, spectrophotometer. Brunauer-Emmett-Teller (BET) 134 

surface analysis was performed using AutoSorb(iQ3), Quantunchrome Instrument, USA. 135 

Experiments were carried out using 300 mg samples that were degassed in H2 atmosphere 136 

pressure at 300 °C for 2 h and 20 points adsorption and desorption were measured in N2 137 

atmosphere. Thermogravimetric measurements were performed with a TGA 4000, 138 

PerkinElmer set-up from 30 °C to 900 °C at a constant heating rate of 10 °C per minute. 139 

 140 



6 
 

2.2. Preparation and characterization of the cathodes and half-cells 141 

 142 

The prepared powders of LiMn2O4 (LMO), LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and 143 

LiMn1.5Co0.5O4 were used as active materials for cathode preparation. The slurry of the 144 

cathode were prepared by mixing 80% of each active material with 10% of carbon black 145 

(conductive material), 10% of poly(vinylidene fluoride) (PVDF, Solvay 5130) (binder) 146 

and N-methylpyrrolidone (NMP, Fluka) as a solvent. The electrode preparation was 147 

carried out as  previously reported [19]. Briefly, PVDF was dissolved in the NMP solvent, 148 

forming the binder solution. After that, the active and conductive materials were added 149 

(dry mixing) under constant stirring. The obtained cathode slurry was spread uniformly 150 

on an aluminium metal grade foil and placed in a furnace for the evaporation of the solvent 151 

(80 °C for 2 h). Three half-cells (Swagelok) of each active material were prepared and 152 

assembled inside a home-made glove box filled with argon. For that, all the materials 153 

were dried overnight at 90 °C in vacuum. Lithium metal foil was used as anode material 154 

and the Whatman glass microfiber filters (grade GF/A) used as a separator. The electrolyte 155 

used was the 1M LiPF6 salt dissolved in ethylene carbonate + dimethyl carbonate (EC + 156 

DMC, 1:1 volume percentage) from Solvionic. 157 

Electrochemical impedance spectroscopic (EIS) studies were carried out using an Autolab 158 

PGSTAT12 instrument. The frequency range used was from 1 MHz to 10 mHz with an 159 

amplitude of 10 mV. The charge/discharge cycle tests were performed for the different 160 

half-cells with a Galvanostatic mode at different C-rates (C/10, C/5, C/2, C and 2C) 161 

between 3.5 V and 4.9 V, using a Landt CT2001A Instrument. 162 

 163 

3. Results and Discussion 164 

 165 

The LMO doped with nickel, copper, cobalt, and pure LMO particles were studied to 166 

characterize the doping influence on particles main characteristics and their performance 167 

as active material in lithium-ion battery systems. 168 

 169 

3.1. Synthesized powder structural and surface morphological properties  170 

 171 
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Figure 1 shows powders surface morphological studies of the synthesized particles 172 

evaluated by SEM and TEM. The SEM and TEM images show a similar dispersion of 173 

particles size for all the samples, ranging between the 50 and 200 nm. It is possible to 174 

affirm that single particles present a polyhedron shape and the existence of some bigger 175 

particle due to agglomeration of these particles, confirmed by TEM images (inset Figure 176 

1).  177 

 178 

Figure 1- Surface morphology characterization by SEM and TEM (inset) of a) LiMn2O4, 179 

b) LiMn1.5Ni0.5O4, c) LiMn1.5Cu0.5O4 and d) LiMn1.5Co0.5O4 particles. 180 

 181 

HRTEM images of the LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 182 

particles (Figure 2a,c,e and g) show oriented crystals within the particles, demonstrated 183 

through the identification of the lattice fringes of the cubic spinel (111) plane. It was 184 

identified lattice fringes of about 0.48, 0.48, 0.47 and 0.48 nm for the single crystalline 185 

domains of the LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4, 186 

respectively. The selected area electron diffraction (SAED) of LiMn2O4, LiMn1.5Ni0.5O4, 187 

LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 particles (Figure 2b,d,f and h) show an inner and 188 

intense circle at (111) plane, followed by others rings at (311) and (400). 189 
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 190 

Figure 2- HRTEM and SAED images for a-b) LiMn2O4, c-d) LiMn1.5Ni0.5O4, e-f) 191 

LiMn1.5Cu0.5O4 and g-h) LiMn1.5Co0.5O4 particles. 192 

 193 

Elemental analysis of the particles was performed by SEM-EDX and the chemical 194 

composition results are summarized in Table 1. The elemental atomic composition for 195 

the studied samples is similar to the stoichiometric ratio, showing the success of the 196 

doping method applied to the LiMn2O4 particle. 197 



9 
 

Table 1 – Elemental atomic composition obtained from the SEM-EDX for LiMn2O4 and 198 

LiMn1.5M0.5O4 (M: Ni, Cu, Co) doped particles. 199 

Sample description 
Elemental Atomic (%) 

Mn O M (Ni, Cu, Co) 

LiMn2O4 33.44 66.56 0.0 

LiMn1.5Ni0.5O4 25.73 67.06 7.21 

LiMn1.5Cu0.5O4 28.52 62.69 8.79 

LiMn1.5Co0.5O4 26.17 65.06 8.77 

 200 

To study the phase purity and lattice size of the powders, XRD patterns were analyzed. 201 

The results of XRD analysis (Figure 3) show only the characteristics reflection peaks of 202 

the cubic structure of spinel LiMn2O4 with Fd-3m space group and the lattice planes of 203 

(111), (311), (222), (400), (331), (511), (440) and (531) (JCPDS File No. 35- 0782), in 204 

all the structures [22].  205 
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Figure 3- Refined powder XRD patterns fits (black curve – experimental; red curve – 207 

calculated; blue curve – difference plot) for LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) 208 

doped particles. 209 
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The results show that the Ni-, Cu- and Co-doping does not influence the symmetry of the 210 

spinel structure of the LiMn2O4 and present a cubic close-packed (ccp) sublattice, where 211 

O-ion occupies the 32e site, Li-ion occupies the tetrahedral 8a site and the Mn-ions 212 

(Mn3+/Mn4+) the octahedral 16d site [23]. The doped-ions (Ni, Cu and Co) also occupy 213 

the octahedral 16d site [23-25]. The (400) peak presents high intensity for the LiMn2O4 214 

and LiMn1.5Ni0.5O4 samples and, as shown in Table 2, the intensity relation between the 215 

(311) and (400) peak are lower at these samples. As reported [26], the progressive 216 

addition of doping elements in the LiMn2O4 structure leads to an increase in the intensity 217 

ratio of (311)/(400) peaks. While the (311)/(400) ratios of Cu- and Co- doped samples 218 

show increased values, the same ratio in the Ni-doped sample is apparently lower. Since 219 

the increase of this ratio is associated with increased substitution of the tetrahedral site 220 

(8a), this means that in Ni-doped sample the isomorphous substitution is probably more 221 

efficient in the octahedral 16d site, replacing the Mn3+ ion  [27]. It was also found that 222 

the lattice parameter decreases with the addition of the studied doped elements (Table 2) 223 

which may be attributed to the partial substitution of Mn3+ [25] and creation of structural 224 

defects.  225 

 226 

Table 2 - XRD structural parameters for LiMn2O4, LiMn1.5M0.5O4 (M: Ni, Cu, Co). 227 

Sample description 
Lattice 

parameters /Å 

Unit cell 

volume / Å3 
I(311)/(400) 

LiMn2O4 8.25 560.6 1.22 

LiMn1.5Ni0.5O4 8.20 551.0 1.21 

LiMn1.5Cu0.5O4 8.24 560.6 1.60 

LiMn1.5Co0.5O4 8.15 542.2 1.53 

 228 

The surface area and porosity of each particle were studied by nitrogen adsorption-229 

desorption characterization. The respective nitrogen adsorption isotherms and pore size 230 

distribution are shown in Figure 4a and Figure 4b, respectively. The studied particles 231 

exhibit a mesoporous polyhedral crystal structure with slightly different specific surface 232 

areas (Table 3). The surface area was evaluated by multi-point BET method and results 233 

of 11, 10, 12 and 9 m2 g-1 were obtained for LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4, and 234 

LiMn1.5Co0.5O4, respectively.  235 
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Figure 4 - a) N2 adsorption - desorption isotherms and b) pore size distribution for 238 

LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co). 239 

Average pore size distribution results show a pore size distribution between 2 and 37 nm, 240 

which indicate a heterogeneous surface morphology. LiMn2O4 exhibits a higher average 241 

pore size of 2.9 nm and, after doping with Ni, Cu and Co, the average pore size of the 242 

samples decreases to 2.6 nm (Table 3). Comparing the surface area with the pore size 243 

distribution, it can be concluded that the doped samples show different agglomeration 244 

characteristics. LiMn1.5Co0.5O4 particles show higher agglomeration due to low surface 245 

area for the same pore size than the other doped samples. These results are also supported 246 

by the SEM and TEM images shown in Figure 1. 247 

Table 3 - BET parameters of LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co). 248 

 
BET parameters 

Sample description 
Surface area 

/ m2 g-1 

Average pore 

size / nm 

LiMn2O4 11 2.9 

LiMn1.5Ni0.5O4 10 2.6 

LiMn1.5Cu0.5O4 12 2.6 

LiMn1.5Co0.5O4 9 2.6 

 249 
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Thermal stability of  LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) particles was analyzed 250 

by TGA and the results are shown in Figure 5a. Comparing the results, all the particles 251 

present a weight loss between the 700 °C and 900 °C due to the oxygen loss and the 252 

formation of a LiMn2O4+x structure [28]. It can be observed that the addition of the doping 253 

elements (Ni, Cu, Co) in the LiMn2O4 structure stabilizes its thermal degradation around 254 

5% until 700 °C. This behavior was already observed for doping with rare-earth elements 255 

(Gd, Yb, Tb and Dy) [21]. 256 
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Figure 5 - a) TGA analysis and b) Raman spectra of LiMn2O4 and LiMn1.5M0.5O4 (M: 258 

Ni, Cu, Co). 259 

 260 

LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) particles were studied by Raman 261 

spectroscopy (Figure 5b). The common spectra of manganese oxides reveal a strong band 262 

around 620 cm-1, which is the characteristic vibration of the oxygen atoms inside the 263 

octahedral MnO6 unit [29]. The results show this strong band around 620 cm-1 for all the 264 

studied particles, assigned to the A1g species in O7
h spectroscopic symmetry [30]. Other 265 

less intense bands at 590, 480, 430 and 410 cm-1 were also found and are related to the 266 

T2g mode from the symmetric bending vibration of Mn-O bond, T2g phase, Eg vibration 267 

and Eg vibration, respectively, of the Fd-3m space group [31, 32]. 268 

 269 

3.2. Electrochemical studies of the cathodes 270 

The electrochemical properties of the LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) 271 

cathodes are represented in Figures 6 and 7. The room temperature fifth charge/discharge 272 

curve profiles of the LiMn1.5Ni0.5O4 cathode as a function of different C-rates between 273 

3.5 and 4.9 V, are presented in Figure 6a. The other samples present the same type of 274 
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curve profile. Two curves for each C-rate are shown, which are characterized by the 275 

charge and discharge curves originated by the lithium disinsertion and insertion, 276 

respectively, in the cathode structure. 277 

0 20 40 60 80 100 120

3,6

3,9

4,2

4,5

4,8
a)

 

 

V
o
lt
a
g
e
 /
 V

 v
s
 L

i/
L
i+

Capacity value / mAh g-1

 C/10

 C/5

 C/2

 C

 2C

0 20 40 60 80 100 120 140

3.4

3.6

3.8

4.0

4.2

4.4

4.6

4.8

5.0

C/10

Capacity value / mAh g-1

V
o
lt
a
g
e
 /
 V

 v
s
 L

i/
L
i+

b)

0 20 40 60 80 100 120 140

 LiMn2O4

 LiMn1.5Co0.5O4

 LiMn1.5Ni0.5O4

 LiMn1.5Cu0.5O4

C

  

C

0

 278 

0 5 10 15 20 25 30

0

20

40

60

80

100
c) C/10

2C

C

C/2
C/5C/10

 

 

 LiMn2O4

 LiMn1.5Co0.5O4

 LiMn1.5Ni0.5O4

 LiMn1.5Cu0.5O4

D
is

c
h
a
rg

e
 c

a
p
a
c
it
y
 /
 m

A
h
 g

-1

Cycle number
0 10 20 30 40 50 60

0

25

50

75

d)

 

 

 LiMn1.5Co0.5O4

 LiMn1.5Ni0.5O4 

 LiMn1.5Cu0.5O4

D
is

c
h

a
rg

e
 c

a
p

a
c
it
y
 v

a
lu

e
 /

 m
A

h
 g

-1

Cycle number

C
o

u
lo

m
b

ic
 e

ff
ic

ie
n

c
y
 /

 %

90

100

110

120

 279 

Figure 6 - a) Fifth charge/discharge curves of LiMn1.5Ni0.5O4 between C/10- and 2C-280 

rate, b) fifth charge/discharge curves of the different studied samples at a C/10- and C-281 

rate, c) rate performance discharge process of the different studied samples between 282 

C/10- and 2C-rate and d) cycling performance of the different samples at C-rate during 283 

60 cycles. 284 

It is observed for LiMn1.5Ni0.5O4 cathodes (Figure 6a) different plateaus at 4.0 V due to 285 

the Mn4+/Mn3+ reduction, at 4.6 V due to Ni3+/Ni2+ reduction and at 4.7 V due to Ni4+/Ni3+ 286 

reduction [33-36]. Furthermore, those plateaus are formed by the lithium-ion insertion 287 

into the 16C octahedral (plateau at 4.0 V) and 8a tetrahedral (plateau at 4.6 V and 4.7 V) 288 

sites of the spinel structure. Discharge capacity values of 89, 89, 86, 74 and 32 mAh g-1 289 

at C/10, C/5, C/2, C and 2C, respectively, were obtained. Also, it is verified that the 290 

cycling profile decreases with increasing current rates. The difference in capacity at the 291 

C/10 rate is explained by the ohmic polarization effect and by the formation of the solid 292 
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electrolyte interface (SEI) layer in the first cycles [37]. Also, the typical irreversibility at 293 

low scan rates between charge and discharge is verified at C/10-rate [37].  294 

LiMn2O4 and LiMn1.5M0.5O4 (M: Ni, Cu, Co) cathodes fifth charge/discharge curves 295 

obtained at C/10- and C-rate at room temperature are presented in Figure 6b. The 296 

discharge capacity values of 68, 89, 58 and 66 mAh g-1 at C/10-rate and 34, 74, 44 and 297 

52 mAh g-1 at C-rate for LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 298 

cathodes, were respectively obtained. The observed different voltage cutoff between the 299 

LiMn1.5Ni0.5O4, and the rest of the samples is due to the presence Ni3+/Ni2+ reduction at 300 

4.6 V and Ni4+/Ni3+ reduction at 4.7 V. The other samples show the plateau at 4.1 V that 301 

corresponds to the reduction of Mn4+ to Mn3+. It is thus observed that the doping process 302 

with Ni, Cu and Co influence the charge and discharge performance of LiMn2O4 cathodes. 303 

Furthermore, doping reduced the decrease of the specific discharge capacity with 304 

increasing C-rate. Doping process also induces a slight reduction in the particle size, as 305 

mentioned before in section 3.1, leading to an enhancement of the electrochemical 306 

performance of these cathodes. This lower size of the particles influences the insertion 307 

and disinsertion of lithium-ions in the cathode active material structure, increasing the 308 

specific discharge capacity due to their larger surface area. Typically, cathode materials 309 

that are in the 4 V potential range have surface areas near to 3 m2.g-1 [38]. The obtained 310 

lower electrochemical results, compared with other works [38-41], can be thus also 311 

explained by the higher particle surface area of the materials used in the present work 312 

(Table 3). With the increase of current rates, the plateau voltages between the charge and 313 

discharge increase and decrease, respectively, due to the increased cell polarization, as 314 

well the gradually blurry of the two plateaus [42]. In the present study, these changes are 315 

also observed, but with less intensity for the LiMn1.5Ni0.5O4 cathode. Comparing the 316 

studied cathodes, LiMn1.5Ni0.5O4 and LiMn1.5Cu0.5O4 cathodes possess higher specific 317 

discharge capacity when cycled at a high rate (C-rate). 318 

Figure 6c shows the discharge rate performance, of all prepared cathodes, during the 319 

cycling process. All the samples present good cycling stability in almost all applied rates. 320 

It is observed a decrease of the specific discharge capacity with increasing rates for all 321 

the tested cathodes, being more marked for the LiMn2O4 cathode. Although that, it was 322 

verified that all the samples present excellent recovery specific discharge capacity at C/10 323 

rate. The doping of Ni, Cu and Co into LiMn2O4, clearly enhances the specific discharge 324 

capacity compared with non-doped LiMn2O4, at high rate. At low rates, the sample with 325 
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the Ni doping presents the highest specific discharge capacity. Specific discharge 326 

capacities of 33, 74, 44 and 53 mAh g-1 (at C) and 74, 89, 59 and 69 mAh g-1 (at C/10) 327 

were obtained for LiMn2O4, LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 328 

cathodes, respectively. The exchange between the Mn3+ ion of the LiMn2O4 spinel 329 

structure and the doped elements, promotes higher electrochemical performance of the 330 

cathodes with doped active material particles [43]. Furthermore, the low intensity of the 331 

ratio of (311)/(400) planes for the LiMn1.5Ni0.5O4 cathode and its low lattice parameter 332 

suggest to be the reason for such cathode presenting higher electrochemical performance 333 

among all studied cathodes. 334 

Figure 6d presents the cycle stability of the doped cathodes. It is shown the stability of 335 

the doped cathodes at C-rate during 60 cycles at room temperature. The obtained specific 336 

discharge capacity was 85, 43 and 55 mAh g-1 (at 60th cycle) for LiMn1.5Ni0.5O4, 337 

LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 cathodes, respectively. It was also calculated the 338 

coulombic efficiency percentage, that is approximately 100 %, demonstrating the good 339 

electrochemical stability of all the samples. Capacity fade percentage (2nd to 50th cycles) 340 

were 0.5, 3.1 and 21.0 % for LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 341 

cathodes, respectively, showing once again the good electrochemical performance of 342 

LiMn1.5Ni0.5O4, due to its low capacity fade over cycling. The high capacity fade of the 343 

LiMn1.5Co0.5O4 cathode can be associated to the higher active material particle 344 

agglomeration confirmed by the BET analysis, decreasing its cycling performance [44]. 345 

The low capacity fade of the LiMn1.5Ni0.5O4 cathode also suggests the good substitution 346 

of Mn by Ni at the octahedral 16d site [45], as confirmed by the XRD results.  347 

The electrochemical impedance spectroscopy (EIS) of the studied cathodes were 348 

evaluated before and after cycling and the results are presented in Figure 7a and 7b, 349 

respectively. 350 
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Figure 7 – EIS spectra for the different batteries a) before and b) after cycling. 352 

The impedance spectra of the samples is characterized by two semicircles in the 353 

high/medium frequency region followed by a straight line at the low-frequency region. 354 

The mentioned semicircles are characteristics of the resistance contribution. These 355 

resistances are described by ohmic resistance, that represents the liquid/electrolyte 356 

resistance, obtained by the intercept with the Z’ at high frequencies; surface resistance 357 

(Rs), represented by the first semicircle and is described by the resistance of the 358 

solid/electrolyte interface (SEI); and the charge-transfer resistance process (Rct) that is 359 

defined by the second semicircle [46]. The mentioned straight line at low frequencies 360 

represents the Warburg impedance that is correlated to the lithium-ion diffusion in the 361 

bulk material [46]. Comparing both EIS spectra (before and after cycling), it is observed 362 

that the doping process does not influence the shape of the curves. Also, a total resistance 363 

increases after half-cells cycling has been observed for all samples, excepting for the 364 

LiMn1.5Ni0.5O4 cathode. The obtained total resistances for the half-cells is presented in 365 

Table 4. 366 

Table 4: Total resistance values obtained for the prepared cathodic half-cells, before 367 

and after cycling. 368 

Sample 
Total Resistance, Rtotal / Ω 

Before cycling After cycling 

LiMn2O4 532.5 951.8 

LiMn1.5Co0.5O4 389.8 429.7 

LiMn1.5Ni0.5O4 570.3 439.9 

LiMn1.5Cu0.5O4  580.3 666.3 

 369 

The change of the total resistances after cathodic half-cells cycling is related to SEI 370 

formation [47]. For the LiMn1.5Ni0.5O4 cathode, the SEI formation decreases the total 371 

half-cell resistance, which is the opposite behavior as in the other cells. Thus, higher 372 

conducting solid/electrolyte interface is formed in this sample, provably related to the 373 

more efficient substitution of Mn3+ by Ni and the corresponding structural particle 374 

modifications, which improves electrochemical charge/discharge performance. 375 

 376 

4. Conclusions 377 
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A sol-gel synthesis was successfully used to produce LiMn2O4 and LiMn1.5M0.5O4 (M: 378 

Ni, Cu, Co) doped particles with a size range between 50 and 200 nm. Particles show 379 

similar stoichiometric ratio of the doped elements and lattice fringes between 0.47 and 380 

0.48 nm for the single crystalline domains doped particles. Doped elements also occupy 381 

the octahedral 16d site, where the Ni shows a more efficient substitution, replacing the 382 

Mn3+ ion and therefore improving the drawback of poor cycling behavior of LiMn2O4.  383 

Doped particles show higher thermal stability between 700 and 900 °C and high 384 

crystallinity. Electrochemical performance in cathodic half-cells show discharge 385 

capacities of 33, 74, 44 and 53 mAh g-1 (at C) for LiMn2O4, LiMn1.5Ni0.5O4, 386 

LiMn1.5Cu0.5O4 and LiMn1.5Co0.5O4 cathodes, respectively. Further, an excellent 387 

coulombic coefficient percentage (around 100 %) was observed for all doped cathodes. 388 

A capacity fade percentage of 0.5, 3.1 and 21.0 % for LiMn1.5Ni0.5O4, LiMn1.5Cu0.5O4 and 389 

LiMn1.5Co0.5O4 cathodes were respectively obtained, showing the good electrochemical 390 

performance of LiMn1.5Ni0.5O4. Furthermore, the LiMn1.5Ni0.5O4 cathode shows a 391 

decrease in the total half-cell resistance after cycling. The transition metal synthetized 392 

particles show to be suitable for being used as a cathode in lithium-ion batteries based on 393 

their excellent electrochemical stability. 394 
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