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Lithium cobalt oxide, LiCoO2, widely used as cathode in lithium ion batteries was synthesized 
and their structural and electronic properties investigated. The crystalline powders were prepared 
by the sol-gel method with four complexing agents: citric acid, glycine, starch and gelatin. These 
syntheses were compared with the blank test (without complexing agent). The X-ray diffraction 
and vibrational spectroscopy allowed the identification of the rhombohedral phase LiCoO2 ( ) 
as the only or principal crystalline component in all samples. A small fraction of a second phase of 
cubic spinel Co3O4 was observed in the samples of starch, gelatin and the blank test. The Rietveld 
refinements showed small structural variations, indicating reduced influence of the complexing 
agents on the synthesis. The theoretical HOMO-LUMO (highest occupied molecular orbital-lowest 
unoccupied molecular orbital) gap values are in agreement to those estimated by diffuse reflectance 
spectroscopy (DRS). The scanning electron microscopy (SEM) showed morphological pattern 
regardless of the complexing agent used, showing an alternative method.
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Introduction

Lithium cobalt oxide, LiCoO2, has been the focus 
of many studies regarding their structural and electronic 
properties.1-8 This system has interesting electrochemical 
features that allows a wide use as cathodes of lithium ion 
batteries.2,4 The investigation of the structural aspects of 
the material is a crucial issue to better understand the 
electrochemical properties of the LiCoO2 compound.1-17 
For example, the nature of the crystal, its size and shape, 
are directly related with its electrochemical characteristics.2 
The LiCoO2 synthesized at low temperatures (LT), 
below 500 °C, presents a cubic spinel structure ( ),  
while the synthesis at high temperatures (HT) (above 
500 °C), generates the rhombohedral structure with 
stratified layers ( ). Therefore, several authors 
usually classify these structures as LT-LiCoO2 and 
HT-LiCoO2, respectively.

1,2,7,8,18-24 The rhombohedral phase 
is characterized by a structure with alternating layers 

of cobalt and lithium cations intercalated with oxygen 
anions.22 The lithium and cobalt(III) ions are arranged 
in intercalated layers (Figure 1a). The cobalt(III) ion is 
located at the octahedral sites, forming a strong bond 
with the neighboring oxygen anion to constitute the 
Co−O layers (Figure 1b). Finally, the lithium layers are 
intercalated between the CoO2 plans.1,3,4 The octahedral 
sites of these layers are occupied by lithium and cobalt(III) 
ions alternately that forms a sequential stacking with 
oxygen ion layers in a close packing of the ABCABC type 
(Figure 1c).4,5 This specific stacking arrangement leads to an 
environment equivalent for all ions, allowing the maximum 
charge delocalization and the minimal system energy.1,3,4

The degree of crystal order, the particle size distribution 
and the average particle size depend on the starting 
materials and the preparation method.18 For this reason, 
the sol-gel method has been widely used modulating 
these properties.6,18-28 The sol-gel method allows a larger 
surface area for the obtained solids, in our study the 
LiCoO2 powder. In addition, this technique also enables a 
smaller Li-ion diffusion length due to the reduced LiCoO2 
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particle size, which contributes to a higher-rate capability 
of the electrodes.29 In this procedure, a soluble precursor 
compound is hydrolyzed to form the sol, a colloidal 
particles dispersion. Then, the gelling process (sonication 
or temperature) causes the formation of links between the 
sol particles, resulting in an infinite network of particles, 
defined as gel. Additionally, the gel is heated to obtain the 
desired material.30 The presence of chelating agents, such 
as citric acid, glycine, starch or gelatin, allows the control 
of the complexing reactions and its stoichiometry, which 
forms a solid material with very thin grains and more 
homogeneous size distribution.6

In this study, LiCoO2 was obtained using the sol-gel 
process for the synthesis of thin powder using four different 
complexing agents (citric acid, glycine, starch or gelatin) 
for the gel formation. Another sample was performed 
without using complexing agent classified, as a blank 
test. Therefore, the comparison of the sol-gel method 
with the complexing agents and the blank test will allow 
the elucidation of the morphologic, microstructural and 
spectroscopic differences of the LiCoO2 obtained, through 
the characterization techniques. The obtained solid was 
analyzed through the X-ray diffraction (XRD), Fourier 
transform infrared (FTIR), Raman spectroscopy, diffuse 
reflectance spectroscopy (DRS) and scanning electron 
microscope (SEM). Finally, the computational calculations 

were performed to study some electronic properties and to 
compare with the obtained experimental results.

Experimental

Reagents and materials

The salts used were cobalt(II) nitrate hexahydrate 
(Co(NO3)2.6H2O, Sigma-Aldrich ≥ 98%) and lithium 
nitrate, anhydrous (LiNO3, Vetec 95%). The gel was 
produced using four different complexing agents: citric 
acid, anhydrous (C3H4OH(COOH)3, Vetec 99.5%); glycine, 
(H2NCH2COOH, P. A. Merck); starch (commercial corn 
starch, Maizena®, Duryea®); and gelatin (commercial).

Synthesis of LiCoO2 from different complexing agents

Initially, five solutions were prepared containing 
LiNO3 (22.0 × 10-3 mol, 1.517 g) and Co(NO3)2.6H2O 
(20.0 × 10-3 mol, 5.821 g) in 20 mL of water, with a 
proportion of Li:Co = 1.1:1, according to Predoana et al.6 
A specific complexing agent was added to each solution: 
(i) citric acid (4.611 g)31 diluted in 5 mL of water; 
(ii) glycine (1.501 g);32 (iii) starch (1.250 g);33 (iv) gelatin 
(3.500 g)34 and (v) blank test (without the complexing 
agents). The first four solutions were heated between 

Figure 1. (a) Layered crystalline structure of the rhombohedral LiCoO2; (b) representation of the octahedral CoO6 structure; (c) stacking arrangement of 
the layers (ABCABC).



Synthesis and Characterization of LiCoO2 from Different Precursors by Sol-Gel Method J. Braz. Chem. Soc.2256

70 to 80 °C in a glycerin bath until the formation of the 
gel. The amount of time of this process is different for each 
gelling agent: (i) citric acid (5 hours), (ii) glycine (3 hours), 
(iii) starch (1 hour), (iv) gelatin (3 hours). The production 
of the crystalline powders for all samples was performed, 
in a muffle, in two stages: initially with the combustion of 
the materials at 300 °C between 20-30 minutes and later 
heating at 700 °C for 24 h.6,30,35 Each sample was named 
according to the complexing agent used: citric acid; glycine; 
starch; gelatin and the blank test.

Materials characterization

The vibrational spectra in the infrared region for all 
the samples were obtained by attenuated total reflectance 
(ATR) with the Bruker ALPHA-P FT-IR, in the range 
of wavenumber between 373 and 4000 cm-1 and with a 
Thermo Nicolet FTIR iS50, between 100 and 600 cm-1. 
The vibrational spectra of the prepared materials were also 
observed through Raman spectrophotometer recorded by a 
microscope SENTERRA Raman spectroscopy, equipped 
with a CCD detector thermoelectrically cooled and a long 
length of objective work (lens ×100). The line of 532 nm 
of a diode laser was used as Raman excitation source of 
180° of scattering geometry and the acquisition time for 
each spectrum was 60 s in each window. The material was 
placed in capillary tubes of glass and the spectra were 
performed at a temperature of 20 ± 2 °C, with a resolution of 
4 cm-1 and power of laser corresponding to 0.2 mW. X-ray 
powder diffraction analyses (XRPD) were performed with a 
Bruker D8 Advance diffractometer using a Co Kα radiation 
(λ = 1.79026 Å) in a Bragg-Brentano θ/θ configuration. 
The diffraction patterns were collected with steps of 0.02° 
and accumulation time of 0.5 s per step. The determination 
of the value of optical band-gap of the samples was 
performed through the Kubelka-Munk function (F(R)) of 
data interpretation from the diffuse reflectance spectroscopy 
(DRS) obtained in Cary 5000 Varian UV-Vis-NIR 
Spectrophotometer, with wavelengths between 190-950 nm 
and magnesium oxide as reference. The morphology, 
texture and habit of the obtained compounds were 
evaluated by scanning electron microscopy (SEM) using 
JEOL JSM-7100F applying voltage of 15.0 kV and with 
material deposited on double sided adhesive carbon tape 
on a metal support.

Rietveld refinement

The Rietveld refinement was performed using the least-
squares implemented in the GSAS software, EXPGUI 
version 1225 by Argonne National Laboratory.36,37 The 

instrumental parameters were obtained by refining the 
Y2O3 standard IPEN (more details in Acknowledgments  
section).

The average particle size (D) to the width of a diffraction 
peak is described by Scherrer’s equation (disregarding 
microstrain and inhomogeneity). With this equation, 
it is possible to determine the crystallite size for the 
crystallography directions (h k l), as seen in equation 1:

 (1)

where λ is the radiation wavelength, θ is the diffraction 
angle, and k is a constant related to the shape of particles 
(k = 0.94).38 The β term is described by the equation 2:

 (2)

where βS is the instrumental width of the standard and βe is 
the experimental width of the analyzed sample.

The microstructural analysis was made from the 
data obtained after the refinement with GSAS that uses 
a microstrain distribution model, which the width of the 
diffraction peak increases in proportion to the order of 
diffraction. The software uses a mathematical routine that 
allows the evaluation of crystallite size and microstrain 
by analyzing the peak enlargement profile. The function 4 
(pseudo Voigt) GSAS was chosen because it is more 
efficient in the adjustment of the desired profile, since 
it includes a model of anisotropic microstrain described 
semi-empirically. This model was developed by Stephens39 
and is not contemplated in other functions, being this the 
reason of using function 4 of the GSAS software in this 
work. The graphs obtained for displaying the effect of 
the Stephens microstrain model were treated through the 
gnuplot 4.5 program.40

Computational method

The computational single point calculations were 
performed with the Rietveld refinements results as 
input data (atomic coordinates) in a periodic boundary 
condition. The density functional theory method (DFT) 
associated with GGA (generalized gradient approximation) 
through the PBE (Perdew-Burke-Ernzerhof) functional 
exchange-correlation41 was used in the program CP2K,42 
considering the temperature of the system at 300 K. The 
calculation was performed with GPW method (mixed 
Gaussian and plane-wave),43 with the double zeta basis 
set (DZVP-MOLOPT-GTH)44 and pseudopotential 
PBE-GTH.45 The cutoff density was 500 a.u. and the size of 
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the periodic condition of analysis was 2 × 2 × 1 (a × b × c, 
cell unit parameters).

Results and Discussion

The experiments were performed by the sol-gel process 
with the following complexing agents for the gel formation: 
citric acid, glycine, starch and gelatin. Two of the gelling 
precursors used are reported in synthetic methods, the 
citric acid (Pechini method)46 and the glycine methods.47 
The other precursors, starch and gelatin, have been more 
studied in the sol-gel method synthesis in the last years.48-50 
In addition to these procedures the synthesis without any 
gelling precursor, the blank test, was also performed.

The factor group analysis of the vibrational modes 
in the infrared spectra allows the distinction between the 
phases LT-LiCoO2 and HT-LiCoO2. It also provides the 
structural information of the distortion of the octahedral 
CoO6 oxide.8,51 Each LiCoO2 structure is associated with a 
particular pattern of spectrum. Experimental studies report 
that the HT-LiCoO2 phase  has two bands observed 
around 487 (A1g) and 597 (Eg) cm-1 in the Raman spectra, 
while the LT-LiCoO2  has four bands at 449, 484, 
590 and 605 cm-1 (modes A1g, Eg and 2F2g).7,8,15,52,53

In this work, the FTIR spectra were divided into two 
parts, as shown in Figure 2: the region of low wavenumber, 
which contains a defined band at 297 cm-1; and the region 
of high wavenumber between 500 and 700 cm-1, which 
contains several bands for the active modes 2A2u + 2Eu 
absorption. This result is in close agreement with other 
studies.7,8,15,52,53

A more detailed analysis in the high wavenumber region 
shows two bands: one around 585 cm-1 correspondent to 
ν(CoO6) and another in 540 cm-1 for δ(O−Co−O). It is 
also observed one shoulder located around 630-660 cm-1 
assigned as overtone vibration. For the lower wavenumber 
region, the band at 297 cm-1 was assigned as ν(LiO6). 
The band of this region is identified as vibrational band 
characteristic of the rhombohedral LiCoO2, of  spatial 
group similar to experimental data.1,2,8,51

The Raman spectra, in Figure 3, corroborate the 
assignment of the vibrational modes in the infrared spectra. 
This technique also allowed the detection of a secondary 
product Co3O4, which has five active bands (A1g, Eg and 
3F2g), with the most intense around the 690 cm-1.53-56 Below 
650 cm-1, the Raman spectra of the compounds show two 
bands around 597 and 488 cm-1, which are assigned to the A1g 
and Eg vibrational modes of HT-LiCoO2 phase, respectively. 
For the compound synthesized with gelatin it was found a 
band in 692 cm-1 that is characteristic of the spinel Co3O4. This 
band is related to the short distance order and is not observed 
in the other synthesized compounds spectra. Thus, both the 
IR and Raman spectra are consistent with the hexagonal 
phase, , information, where LiCoO2 is predominant.

The X-ray diffraction analyses were performed for the 
HT-LiCoO2 synthesized products, according to the precursor 
used for gel formation (citric acid, starch, glycine and 
gelatin). These results are presented in Figure 4. The X-ray 
pattern obtained shows the presence of HT-LiCoO2 as a 
single phase in the synthesis with the citric acid and glycine 
precursors. A small amount of spinel Co3O4 was found as 
secondary phase in the diffraction patterns of the blank test 

Figure 2. FTIR absorption spectra of LiCoO2 in the low (left side) and high (right side) wavenumber regions, for all complexing agents used in the 
synthesis and for the blank test.
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and of the starch and gelatin precursors, although HT-LiCoO2 
can be described as a major constituent.6,9,57-62 The XRD 
analyses of the HT-LiCoO2 compounds synthesized with 
the precursors and the blank test were compared to evaluate 
the influence of the gelling agent in the product structural 
formation. The analysis of Figure 4 shows that the precursors’ 
XRD has narrower peaks than the blank test. This shows 
a higher degree of structural order for the compounds 
synthesized with the gelling precursors than from the blank 
test. It is also observed defined separation between the Bragg 
peaks in relation to the Miller index of the (006) (102

–
) and 

(108
–

) (110) planes. Table 1 shows the full width at half 
maximum (FWHM) of the Bragg peaks for the complexing 
agents and the blank test. The analysis of the FWHM for 
the Bragg peaks shows that the presence of the complexing 
agent in the synthesis of HT-LiCoO2 leads to a high degree 
of crystallinity, good hexagonal ordering, and greater layered 
characteristics during the formation process.57

The data shown in Table 1 and Figure 4 are consistent 
with the LiCoO2 rhombohedral crystal system of the space 
group (166) , inorganic crystal structure database 
ICSD#51381,63 and the Co3O4 cubic crystal system of the 
space group (227) , ICSD#36256.64

The Rietveld refinements data, structural parameters, 
fraction of phases and the fitting parameters obtained 
from the GSAS software, for the synthesized HT-LiCoO2 
compounds, are shown in Table 2. The lattice parameters 
analysis shows that the complexing agents do not promote 
significant change in the a-axis. However, larger changes 
are observed with respect to the c-axis, in agreement with 
other works.9,59-62 The Rietveld refinement also confirmed 
the presence of a minority second phase of the spinel 
Co3O4 in the blank test, gelatin and starch samples. This 
observation is related to the crystallite energy formation. 
The larger organic material quantity, of the gelatin and 
starch samples, decreases the oxidative power of the 
nitrate anion and softens the combustion process, making 
the crystal coalescence more difficult. The absence of 
organic material in the blank test sample leads to a fast and 
exothermic crystallite formation reaction. This behavior 
leads to the partial oxidation of the cobalt atom, which also 
favors the formation of spinel Co3O4.

Figure 5 shows the Rietveld refinement for the 
HT-LiCoO2 synthesis with the starch precursor. In 
Figure S1 (Supplementary Information) contains the results 
for the acid citric, glycine, gelatin precursors and the blank 
test. This figure shows the formation of the  phase of 
the HT-LiCoO2 solid and the presence of the  phase 
of the spinel Co3O4. In Figure 5, the χ2 and RWP parameters 
show an adequate adjust of the experimental and calculated 
X-ray pattern.

Finally, the X-ray diffraction studies allowed the 
analysis of the microstrain and size of the crystallites that 
are presented in Table 3 and Figure 6. We calculated the 
Scherrer average size (Table 3) and the microstrain of the 
prepared samples and the Y2O3 standard (Figure 6).

Analyzing the information listed in Table 3, it is seen 
the variation of the average crystallite size in the directions 

Figure 3. Raman spectra of the samples of HT-LiCoO2 synthesized with 
the four complexing agents and the blank test.

Table 1. Full width at half maximum (FWHM) of the Bragg peaks in 
degree for (006), (102

–
), (108

–
) and (110) planes of all samples

Bragg 
peak

FWHM (2θ) / degree

Citric acid Glycine Starch Gelatin Blank test

006 0.1425 0.1388 0.1243 0.1388 0.2426

102
–

0.1351 0.1208 0.1139 0.1388 0.2525

108
–

0.1785 0.2139 0.2048 0.1743 0.5077

110 0.1620 0.2836 0.1785 0.1785 0.6931

Figure 4. Powder X-ray pattern of the samples prepared from the citric 
acid, glycine, starch, gelatin precursors and the blank test.
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of each plan family. The samples that presented larger sizes 
of crystallites were those in which starch and gelatin were 
used as precursors. These complexing agents have long 
polymer chains of larger molecules and with relatively 
higher amounts of organic material compared to the citric 
acid and glycine precursors. This may be the reason for 
the samples obtained with starch and gelatin to have larger 
crystallites because, during combustion, this material can 
provide more energy to the system during the formation 
of nanocrystallites. Thus, the crystallites would be in an 
environment that contributes better to their growth. On the 
other hand, the blank sample shows the smaller sizes of 
crystallites and a larger dispersion in the crystallographic 
directions. Probably due to the fact that this sample does not 
present the use of any precursor and does not have organic 
material, as the other samples, to assist in the combustion. 
Therefore, the environment for crystallite growth, in this 

case, is not favored and its formation process may be 
governed mainly by kinetic factors in a more chaotic way.

Figure 6 shows that the samples which presented the 
smallest microstrain were those obtained with gelatin and 
citric acid, whereas the sample obtained with starch shows 
proportionally intermediate microstrain. It indicates a more 
regular growth of the crystals during their formation when 
using these precursors. This may be related to the polymer 
network generated by the precursors gelatine, citric acid and 
starch that leaded to an adequate dispersion of the ions in the 
complexes. Among the precursors studied, gelatine showed 
a higher efficiency avoiding large microstrains compared to 
the others, which makes it a promising complexing agent 
for the formation of LiCoO2 with crystallite with more 
regular form. On the other hand, the sample produced 
from the glycine presented a large microstrain, showing, 
among the studied precursors, to be the least efficient to 

Table 2. Unit cell structural parameters (a, c and volume), refinement results: the percentage of phase fraction, the fitting parameters and the band-gap of 
LiCoO2 (from the Kubelka-Munk function) for each precursor

Lattice parameters rhombohedral ( ) Phase fraction / % Fitting parameter
Band-gap / eV

a / Å c / Å Volume / Å³ LiCoO2 Co3O4 χ2 Rwp / %

Citric acid

2.8154(10) 14.0531(76) 96.47(1) 100 0 2.397 1.90 1.51

Glycine

2.8150(12) 14.0570(90) 96.46(1) 100 0 2.426 3.36 1.52

Starch

2.8156(14) 14.0616(97) 96.54(1) 98.5(12) 1.5a 3.538 6.40 1.54

Gelatin

2.8154(22) 14.053(149) 96.47(1) 92.152(34) 7.85(12) 7.629 8.64 1.48

Blank test

2.8156(32) 14.064(155) 96.55(2) 93.959(24) 6.04(25) 4.94 5.93 1.40

aThe main phase error includes the secondary phase value.

Figure 5. Rietveld refinement, using the symmetry  , for sample of HT-LiCoO2 obtained with the starch precursor. The bottom line shows the difference 
between the experimental and calculated result.
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aid in the process of crystallite growth. The blank sample 
has the highest microstrain demonstrating that the use of 

the precursor is a methodology that contributes effectively 
to attenuate the irregular growth of crystallites.

The optical band-gap was obtained using the 
Kubelka-Munk function (F(R)) from the diffuse reflectance 
data of the HT-LiCoO2 compounds synthesized with the 
precursors (Figure 7 for starch and gelatin and Figure S2, 
in Supplementary Information, for citric acid, glycine 
and the blank test). The optical band-gap values obtained 
are summarized in Table 2. According to the ligand field 
theory, the oxygen 2p-band is hybridized with the cobalt 
3d-band in the HT-LiCoO2 system.1 Thus, the octahedral 
ligand field of the oxygen anion causes the spin electron 
pairing of the cobalt(III) cation: 3d6 (t2g)6 (eg)0, presenting 
a low spin configuration mode. Consequently, the valence 
band is formed by the fully filled t2g orbitals and the 
conduction band by the empty eg orbitals. Therefore, the 
semiconducting properties of HT-LiCoO2 are described 
through transitions between the conduct (t2g) and 
valence (eg) bands.1,3,52 The optical band-gap values are 
modulated by the complexing agent used (citric acid, starch, 
glycine and gelatin) and are observed around 1.5 eV. These 
values are in close agreement with other studies, which 
ranges from 1.5 to 1.6 eV.1,52,65

Computational calculations were performed with the 
experimental atomic coordinates (Rietveld refinements) 
as input data to evaluate the electronic properties of 
the materials and to analyze the effect of structural 

Table 3. Particle size average calculated by Scherrer equation for family 
of planes, including precursors and blank test

Plane family 
(h k l)

Average Scherrer  
size / nm

Citric acid

(0 0 l)a 69.4

(1 0 l)b 72.5

(1 0 −l)c 71.0

Glycine

(0 0 l)a 67.3

(1 0 l)b 70.4

(1 0 −l)c 66.4

Starch

(0 0 l)a 75.4

(1 0 l)b 74.4

(1 0 −l)c 69.8

Gelatin

(0 0 l)a 74.7

(1 0 l)b 73.5

(1 0 −l)c 73.0

Blank

(0 0 l)a 41.3

(1 0 l)b 31.8

(1 0 −l)c 29.3

aAverage of plane family: (0 0 3), (0 0 6), (0 0 9), (0 0 12); baverage of 
plane family: (1 0 1), (1 0 4), (1 0 7), (1 0 10); caverage of plane family: 
(1 0 −2), (1 0 −5), (1 0 −8), (1 0 −11).

Figure 6. 3D plot of microstrain for samples and Y2O3 (standard) in gnuplot software.
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modifications on each specific synthesis (each precursor and 
blank test). The expanded solid treatment was considered 
using the periodic boundary conditions associated with 
the DFT method. The calculations, performed with the 
GGA-PBE functional, of the LiCoO2 structures presented 
a band-gap of approximately 1.74 eV for all calculated 
systems. Theoretical and experimental works66-68 report that 
the values vary widely between 1.02 and 2.40 eV, showing 
that the calculated energies, using the PBE functional, are 
within the expected range.

The density of electronic states (DOS) for the compound 
synthesized with gelatin is shown in Figure 8. Its variation 
to the compounds synthesized with other precursors 
was minimal with very little changes between them. In 
Figures S3-S6 (Supplementary Information) we show the 

other precursors’ graphs. Thus, it can be assumed that the 
information shown in graphs from Figure 8 represents 
the densities of equivalent states for all the samples. The 
Fermi energy was indicated in Figure 8 as the energy level 
in zero. The valence band (VB) with negative values near 
the Fermi energy is indicated approximately between 
0 and −1.5 eV. The VB is formed mainly by cobalt 3d 
orbitals with small influence of the close energy oxygen 2p 
orbitals. This allows the hybridization of oxygen p orbitals 
with cobalt d orbitals.66-70 On the other hand, values above 
the Fermi energy represent the conduction band (CB) 
in the range of 1.5 to 2.5 eV, with a hybridization more 
accentuated for the oxygen p orbitals and cobalt d orbitals, 
with predominance of the latter.

The contribution of the lithium orbital in the density of 

Figure 7. DRS, Kubelka-Munk function, F(R), and tangent line extrapolation. Results for the starch (left) and gelatin (right) samples.

Figure 8. DOS for the LiCoO2 in each orbital obtained from gelatin for: (a) Li+, (b) Co3+, (c) O2- and (d) density of total states. The energy value at zero 
corresponds to the Fermi level, negative values near zero correspond to valence band and positive values near zero correspond to the conduction band.
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states for the regions close and around the Fermi energy 
is very small. This fact is also shown in Figure 9 where 
the frontier orbitals (HOMO (highest occupied molecular 
orbital) and LUMO (lowest unoccupied molecular orbital)) 
are represented and it is possible to see the electronic 
delocalization around the cobalt and oxygen ions and its 
absence around the lithium ions. This small contribution 
of the lithium orbitals may partially explain the large 
mobility of the lithium cations in the HT-LiCoO2 structure. 
The interaction between the lithium and oxygen orbitals is 
not observed. Thus due to its larger mobility, lithium ions 
can be inserted and removed from the layered structure 
of LiCoO2. This contributes to promote the charge and 
discharge electrochemical cycles when this compound is 
used as a cathode in lithium-ion batteries.10,71-73

The densities of states, in Figure 9, show a contribution 
predominance of the oxygen p orbitals and cobalt d 
orbitals in the HOMO/LUMO frontier orbitals and small 
contribution of the hybridization between these orbitals.

The analyses by SEM (Figure 10) show the morphology, 
texture and habit of the HT-LiCoO2 synthesized with the 
starch and gelatin precursors and in the blank test. We also 
present the SEM analyses using the citric acid and glycine 
precursors in Figure S7 (Supplementary Information).

By observing the morphology of the material through 
SEM it is verified that the samples containing complexing 
agent have the smaller particle sizes while the blank sample 

has larger sizes. This is the opposite of the observed result in 
the sizes of crystallites by the Scherrer equation (Table 3). 
Thus, there is a material with large crystallites and small 
grains (synthesized by sol-gel method) and also a material 
with small crystallites and large grains (blank sample). 
This feature is related to the use of the complexing agent 
in the synthesis, which possibly hinders the coalescence of 
the species during the process of particle growth. This fact 
prevents a larger contact of the species during its formation. 
This is reflected in a smaller grain size when using the 
complexing agent and the non-use of these agents generates 
an environment where the particles can grow more easily, 
as seen in the SEM of the blank having a larger grain 
size. Thus, it is possible to infer that at the same time that 
the complexing precursor hinders the coalescence of the 
species for the grains growth, it assists in the formation of 
crystallites favoring their development as mentioned in the 
process described previously.

The HT-LiCoO2 samples synthesized, with all the 
complexing agents, are homogeneous material with 
sub-micrometer particle size and adequate dispersion of the 
particles with quasi-spherical morphology. The majority 
of the particles have dimensions smaller than 0.5 μm, 
however, it is also observed some blocks up to 1.0 μm. 
Among the HT-LiCoO2 compounds synthesized, the blank 
test sample has the particle size around 1.0 to 5.0 μm, 
approximately, with the largest distribution of size and 
sheets morphological aspect. All samples synthesized with 
complexing agents present morphological characteristics 
of homogeneous material, quasi-spherical particulates and 
uniform size. In Figures 10b, 10d and 10f, it is possible 
to observe the hexagonal habit in accordance with its 
crystalline rhombohedral structure.

Particle morphology control for cathode materials 
plays an important role in material packing density. 
Powdered materials with irregular morphologies are prone 
to be agglomerated and have “bridge formation”, which 
results in a number of voids between the particles and 
reduces their fluidity.74 In contrast, materials with specific 
morphological particles have the advantage of having high 
packaging density and specific volumetric capacities. When 
the particles have an ideal size distribution, the smaller 
particles can fill the voids between the large particles 
by increasing the stacking density, which is useful for 
achieving high energy density in lithium ion batteries. 
Studies75-78 of materials with regular particles have shown 
that they exhibited better electrochemical performance 
than materials with irregular particles. Thus, the control of 
the particle morphology is one of the motivating aspects 
for the development of industrial production of lithium 
ion batteries. The present study allowed to evaluate the 

Figure 9. Representation of the frontier orbitals: HOMO and LUMO.
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morphology of LiCoO2 prepared, opening the way for 
future application studies.

Conclusions

The HT-LiCoO2 synthesis with the citric acid, starch, 
glycine and gelatin complexing agents was studied and 
compared with a blank test (without the gelling agent). The 
obtained solids showed rhombohedral phase , with 

small structural changes, according to the precursor used 
in the sol-gel process, investigated by XRD, Raman and 
DRS. The synthesis using the precursors influences more 
strongly in the microstructure of the HT-LiCoO2, seen 
in the microstrain study, than the structural arrangement 
obtained by XRD. The synthesis with the citric acid and 
glycine complexing agents yield the highest purity in 
the formation of the HT-LiCoO2 compounds, with only 
the rhombohedral phase. The methodology using starch 

Figure 10. SEM of the synthesized HT-LiCoO2 samples with the starch and gelatin precursors and the blank test, expanded at 5000× (a and e), 
100000× (b and d), 50000× (f) and 2500× (c).
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and gelatin precursors and the blank test also lead to the 
HT-LiCoO2 rhombohedral phase, although with a small 
percentage of the spinel Co3O4.

The computational calculations took as input data the 
structural refinement performed on the experimental part. 
The HOMO-LUMO energy gap calculated for all HT-LiCoO2 
compounds of each synthesis, with the four precursors and 
the blank test, showed approximately the same value of 
1.74 eV. This is in close agreement with the experimental 
optical band-gap of 1.5 eV. It is also possible to confirm 
the electrochemical mobility of the Li+ specie in lithium 
ion batteries by the theoretical results. The calculations 
showed a small electronic density on the lithium ion near the 
Fermi level, with reduced orbital overlap in the HT-LiCoO2 
compound. The electronic density of the frontier orbitals 
shows that the HOMO and LUMO are mainly derived from 
the overlap between the oxygen 2p and cobalt 3d orbitals. 
The DOS diagrams corroborate these results.

The SEM analyses show that the synthesis with each 
precursors lead to particular morphologic, texture and 
habit characteristics for the HT-LiCoO2 compound. The 
SEM results and the microstructure studies show that 
at the same time the complexing precursors hinder the 
coalescence of the species for the growth of the grains 
and assist the formation of crystallites. These techniques 
show that the use of sol-gel method with the complexing 
agents leads to larger changes in the morphologic and in the 
microstructural aspects than in the spectroscopy features.

Supplementary Information

Supplementary information is available free of charge 
at http://jbcs.org.br as PDF file.
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