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Abstract

Much of the success of cobalt-based lithium-ion batteries is due to the easy synthesis of HT-LiCoO, achieved
with sol-gel routes. Many sol-gel routes reduced the synthesis temperature from 900 °C - for solid state routes
- to 600 °C. To obtain the HT-LCO compound by a chemical route at moderate calcination temperatures,
the heating rate at the early stage of the synthesis should be high. However, at high heating rates, a high
concentration of energy develops due to the combustion of chelating agents, causing an undesirable great
volumetric expansion. Therefore, as a way of minimizing the volumetric expansion effects the heating rate in
the synthesis was investigated. X-ray diffraction results showed that using a low heating rate the HT-LCO
phase formation requires more than the energy available at 600 °C to be pure and to crystallize in the desired
space group. However, for the calcination temperature of 800 °C, only 20 min was sufficient to synthesize a
high ordered crystallographic HT-LCO phase. The reduced synthesis time is possibly associated with a high
homogenization of the metallic ions since the gel expansion is radically reduced. The LCO synthesized at
800 °C for only 20 min showed electrochemical charge capacity of about 140 mAh g~!. It was concluded
that by controlling the kinetics during the heating step, in the early stage of the synthesis, the HT-LCO is
obtained with high ordered crystallography, although the synthesis time is reduced, therefore enabling a more
economically attractive synthesis process.
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Resumo

Grande parte do sucesso das baterias de fon-litio a base de cobalto se deve a ficil sintese do HT-LiCoO;
por rotas sol-gel. Muitas rotas sol-gel reduziram a temperatura de sintese de 900 °C - para rotas de estado
solido - para 600 °C. No entanto, para se obter o composto HT-LCO por uma via quimica a temperaturas
de calcina¢do moderadas, a taxa de aquecimento no estigio inicial da sintese deve ser alta. Em altas taxas
de aquecimento, uma alta concentracio de energia se desenvolve devido a combustdo do agente quelante,
causando uma grande e indesejdvel expansao volumétrica. Portanto, como forma de minimizar os efeitos da
expansio volumétrica, a taxa de aquecimento na sintese foi investigada. Os resultados da difragdo de raios X
mostraram que, usando uma baixa taxa de aquecimento, a formagao da fase HT-LCO exige que mais do que
a energia disponivel a 600 °C para ser pura e se cristalize no grupo espacial desejado. No entanto, para a
temperatura de calcinagdo de 800 °C, apenas 20 minutos foram suficientes para sintetizar uma fase HT-LCO
cristalografica com alto ordenamento. O tempo de sintese reduzido estd possivelmente associado a uma
alta homogeneizacdo dos fons metdlicos, uma vez que a expansdo do gel € radicalmente reduzida. O LCO
sintetizado a 800 °C por apenas 20 min mostrou capacidade de carga eletroquimica de cerca de 140 mAh g~!.
Conclui-se que, controlando a cinética durante a etapa de aquecimento, na fase inicial da sintese, o HT-LCO
€ obtido com alto ordenamento cristalografico, embora o tempo de sintese seja reduzido, possibilitando um
processo de sintese economicamente mais atraente.

Palavras-chave: Baterias de {on-litio. Sintese sol-gel. LiCoO,. Cristalografia. Tamanho de cristalito. Micro-
deformacdo.
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Introduction

Lithium cobalt oxide (LiCoO,, LCO) has been
successfully used as the electroactive material on the
positive electrode of lithium-ion batteries (LIBs) since
the 1990s (MIZUSHIMA et al., 1981). This predomi-
nance is mainly due to its high specific gravimetric (Wh
g~ ") and volumetric (Wh L™!) energy capacities and
extended cycle life. These properties allow high-energy
batteries to be built in low volume and low weight, which
is suitable for equipping wireless electronic devices and
electric vehicles (JULIEN, 2000; LI et al., 2018). On
the other hand, the sol-gel synthesis route contributes
greatly to improving the cost-benefit for commercial pro-
duction (CHEN et al., 2002; GUMMOW et al., 1992).
The sol-gel route has been widely explored and has the
advantages of low cost and small particle size production.
As the smaller is the particle size, higher is the surface
area and faster is the charge recombination in the particle
surface (BAZITO; TORRESI, 2006; KIM; LEE; KIM,
2010; OH; HONG; SUN, 1997; ZHU et al., 2010). By sol-
gel synthesis, the low temperature LCO phase (LT-) can be
obtained at 400 °C with crystallographic structure Fd-3m
or the high temperature phase (HT-LCO) at moderate (600
°C) to high (700-800 °C) calcination temperatures and
R-3m structure (KANG et al., 1999). The LT-LCO phase
presents disadvantages when compared to the HT-LCO
phase as the low chemical stability in organic electrolytes
and the low lithium ion diffusion coefficient (GARCIA;
FARCY; PEREIRA-RAMOS; BAFFIER, 1997). The HT-
LCO phase, in addition to the chemical stability and the
high ion transport coefficient, exhibits a high chargeability
of approximately 140 mAh g~ since it has high crystal-
lographic ordering (ANTOLINI, 2004; BELOV; YANG,
2008; KHOMANE et al., 2008).

Several types of synthesis have been proposed for the
preparation of the HT-LCO phase with different cobalt
and lithium precursors and different chelating agents
(PORTHAULT et al., 2012; PREDOANA ez al., 2007).
Among the variations of Pechini sol-gel synthesis, we
highlight the one described by Kook and co-authors
which employs lithium and cobalt nitrates and the cheap
polyacrylic acid (PAA) (SUN, 1999). According to Sun
et al., polyacrylic acid not only acts as a chelating agent
in the sol-gel formation but also provides the combustion
heat required to form the HT-LCO phase even at moderate
calcination temperatures (600 °C). The use of PAA as
a chelating agent, however, presents a significant draw-

back that is excessive volumetric expansion during the
116

pre-calcination stage, which occurs due to its decompo-
sition and consequent release of gases such as CO and
COa,. Other routes of the chemical solution are proposed
in the literature for the synthesis of HT-LiCoO, aiming to
improve the route described by Sun, ruling out the need
of pH control and minimizing the volumetric expansion
of the material. In these works, the synthesis temperatures
were from moderate to high (from 600 °C to 800 °C)
and the synthesis time varies from 1 to 10 hours (DING;
GE; CHEN, 2005; DONG et al., 2011; PORTHAULT;
LE CRAS; FRANGER, 2010; YOON; LEE; KIM, 2001;
ZHECHEVA et al., 1996). In order to minimize the ef-
fects of the PAA combustion, in this work, the effect of
the heating rate on the crystallographic ordered HT-LCO
compound was investigated. In this work were observed
that the HT-LCO phase, with the desired crystalline struc-
ture for application as electroactive material in LIBs, was
obtained at 800 °C with calcination time drastically re-
duced to 20 minutes if compared to the traditional synthe-

sis.

Methodology

The methodology used for the synthesis of HT-
LCO was previously reported by Sun and co-authors
(SUN; OH; HONG, 1996), using a 1:1 molar ratio between
polyacrylic acid and lithium (or cobalt) ions present in the
aqueous solution. The polyacrylic acid and the nitrates
used were from Sigma Aldrich pro analyze. Thermogravi-
metric analysis of the precursor gel was performed us-
ing Shimadzu’s TGA-50 to diagnose the temperatures of
weight loss.

For the synthesis, the samples were heat treated with a
slow heating ramp of 5 °C min~! until 450 °C, kept at this
temperature for 1 hour, and let to cool down. The resulting
powder was then macerated and heated with heating ramp
of 10 °C min~! until 600 °C, 700 °C or 800 °C. Samples
were kept at high temperature for 1 h and 20 h. Besides, for
sample heat-treated at 800 °C, it was tested on a reduced
time of 20 min. All experiments were conducted in air.

The crystallographic characterization was performed
by X-ray powder diffraction (XRD) in an X’Pert PRO
diffractometer from PANalytical with Cu K-« radiation
(A =1.540 A) in the range of 15 to 75° 2theta. Rietveld
refinement (PANalytical X’ Pert HighScore Plus software
version 2.2d) was used to quantify the crystalline phases
and structural parameters (lattice parameters, FWHM,
crystallite size, and micro-strain). The crystallographic
information cards used for the Rietveld refinement were

Semina: Ciéncias Exatas e Tecnolégicas, Londrina, v. 40, n. 2, p. 115-122, July/Dec. 2019



The influence of synthesis temperature on the HT-LiCoO, crystallographic properties

29225-1CSD for HT-LiCoO; (R-3m), 74332-ICSD for LT-
LiCoO; (Fd-3m) and 69133-ICSD for Li,CO3 (C12/cl).
Polycrystalline silicon was defined as the reference for the
instrumental standard used on the calculation of crystallite
size and micro-strain.

Crystallite size (D) and micro-strain (€) were calcu-
lated according to equation (1) and (2)

180 A

p=->2_ " 1
T W —Wyg) 2 ()

_ (W — 1/2
82[(U Ustd) 4(:‘/ Vvstd)] ) (2)

In equations (1) and (2), W and U are the Cagliotti
parameters from the FWHM function described in

equation (3)
FWHM = (Utg*6 +Vigo+w)'"/*. 3)

The width and shape of a diffraction peak are a con-
volution of the instrumental broadening and the broad-
ening arising from the sample. The sample contribution
stems from micro-strain broadening and from crystallite
size broadening. Both effects vary as a function of 28
but in different ways. This allows discriminating between
them.

For electrochemical characterization, the electrode was
prepared by mixing synthesized HT-LCO, PVDF (Sigma
Adrich) and graphite (Nacional de Grafite - Brazil), in an
80:10:10 weight ratio, dissolved in NMP (Acros Organics).
The slurry was casted onto an aluminum foil using a doctor
blade. The electrode mass was estimated from the average
of ten similar electrodes weighed together, resulting in
0.0030 g £ 0.0005 g per electrode (the mass error was
who determine the discharge capacity error). The electrode
was dried on a vacuum furnace at 120 °C for 10 h. A two-
electrode cell was mounted, and lithium metal (Sigma
Aldrich) was used as counter and as reference electrode.
The electrolyte was LiCIO4/EC-DMC 1:1 (1 M) (Sigma
Aldrich) soaked in the hydrophobic paper (Whatman). The
electrochemistry was analyzed in an Arbin Instruments
battery cycler using the CC-CV protocol. At the CC stage,
the applied current was 0.5C (50 uA) between 4.20 to
3.60 V vs. LiTILi. At the CV stage, the cell remains at
upper or lower potential until the current reach 0.010 C.

Results and discussions

From the TGA result shown in Figure 1, four regions

of mass loss are observed. The first and second, located

near 60 °C and 130 °C respectively, corresponding to the
evaporation of water present in the gel. The other two
regions, located close to 180 °C and 400 °C, respectively,
describe the decomposition of inorganic and organic com-
pounds, resulting in the emission of CO and CO,.

Based on that, 450 °C as defined as the temperature in
which the pre-calcination was completed since no further

mass loss was observed. The total gel mass loss was 89%.

Figure 1 — Thermogravimetric analysis of the precursor
gel having the chelating agent polyacrylic acid.
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Figure 2 shows the diffractograms from samples cal-
cined at 600, 700 and 800 °C at different times. In all
sample the R-3m hexagonal crystallographic phase (HT-
LCO) is present.

Figure 2 — Diffractogram from LCO samples: (a) 600 °C
- 1 h, (b) 600 °C -20h, (c) 700 °C - 1 h, (d) 700 °C - 20 h,
(e) 800 °C - 20 min, (f) 800 °C - 1 h, (g) 800 °C - 20h.
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In the presented scale in Figure 2, the main difference
between the diffractograms were the peak FWHM enlarge-
ments for the 600 °C samples (2a and 2b) and the ratio

between (003) and (104) peak intensities for HT-LCO,
117
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which was around or greater than 1.2 for the 700 °C-1h to
800 °C-20h samples (2c to 2g). The relative peak enlarge-
ment is characteristic of the decrease in the crystallite
size and increase of the micro-strain (crystal disorder).
For HT-LCO phase when the (003)/(104) peak intensity
ratio is higher than 1.2, it is an indicator that there is an
ordered lamellar ionic disposition, in which cobalt occupy
the 3b Wyckoff site (HU et al., 2011; OHZUKU et al.,
1993; SANTOS et al., 2019). It means that the lamellas
that form the (003) peak are composed only by cobalt ions
(Figure 3). When the (003)/(104) peak intensity ratio is
lower than 1.2, it is an evidence of the cationic exchange
between cobalt and lithium, where cobalt, originally in a
3b site, will occupy the lithium site, 3a site, and vice versa.
The calculated values for the ratio of the peak are shown
in the last column for HT-LCO phase in Table 1.

Figure 3 — Crystallographic structure representation of
HT-LCO phase, R-3m spacial group.

Source: The authors.

In Figure 4 the diffractograms were zoomed in the
18.00 — 20.00° 20 region, to show in details the (003)
peak, the appearance of LiCoO, phase in Fd-3m space
group (LT-LCO), and a third phase (Li,CO3) from 20.00
to 35.00° (right).

Figure 4 — The graph in the left side refers to the amplifi-
cation of the (003) peak for the HT phase and (111) peak
for the LT phase. The contaminant Li;COs3 is shown on
the right side of the graph.
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As can be seen in Figure 4 (a) and (b) the HT-LCO
(003) peak is located at 18.95° while the LT-LCO (111)
peak at 19.20°. In Figure 4 (c) is shown that the LT-LCO
disappears but the Li;CO3 remains in the sample. This
carbonate phase starts to disappear from 700 °C - 20
h and at 800 °C the carbonate phase disappears even
in calcination time as low as 20 minutes, Figure 4 (d)
to (g).

The phase weight percentage for all samples are shown
in Table 1. The low-temperature LT-LCO phase seems to
be in a sub-stoichiometric phase composition (Li; —,CoO,)
since some percentage of lithium is present in the Li,CO3
contaminant phase. It is evident that the HT-LCO is a
lithium closed phase (Li; CoO;) even at low treatment tem-
peratures since the angular (003) peak position is located
at 18.95° for different treatment temperatures, revealing
that there were no changes in the interplanar distance. The
lithium carbonate is an ionic compound and it’s melting
point is around 730 °C. In temperatures near to that, a
reaction between Li,CO3; and LT-LCO occurs and the
carbonate become the lithium donor to Li;_,CoO; (LT
phase), according to the reaction showed in equation (4)
(MENG et al., 2019; KIM; LEE; LEE, 2008)

1
xLi»CO3 + 2Li1_xCoOy 2 2LiCo0 +CO5 + 502 @)

Therefore it can be concluded that the carbonate phase
reacts with LT-LCO phase resulting in HT-LCO phase at
temperatures as higher than 700 °C.

The graph in Figure 5 shows the evolution of FWHM
values versus the calcination temperature of each diffrac-
togram peaks. For samples heat-treated at 600 °C the
FWHM values are the highest and are dramatically increas-
ing with increasing angles (20), which is an indication that
the crystallite size is smaller and the micro-strain is higher
than to the others samples. This is due to the configuration
of a high disordered crystal. As the treatment temperature
and time increase, the FWHM values decrease, as well
as the curve slope. Interestingly, for temperatures of 800
°C even at the low calcination time (20 minutes), there is
a tendency to the FWHM value saturation. In fact, sam-
ples treated at 800 °C shows FWHM values, in all angle
range, close to the silicon standard, which allows infer-
ring that they exhibit high crystallinity and low structural
defects densities, even for the sample treated by only 20

minutes.
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Table 1 — Crystallographic phase quantification, in weight percent, by Rietveld refinement, GOF is the adjust quality

factor.
Sample Crystallographic phases (wt.%) GoF
HT-LiCoO,; LT-LiCoO, Li;CO;
600 °C_1h 35.5 52.3 12.2 1.47
600 °C_20h 40.1 494 10.5 1.53
700 °C_1h 84.6 9.0 6.4 1.64
700 °C_20h 100.0 0 0 2.67
800 °C_20min 100.0 0 0 3.74
800 °C_1h 100.0 0 0 3.35
800 °C_20h 100.0 0 0 4.09

Source: The authors.

Figure 5 — FWHM values for the HT-LiCoO, phase
diffraction peaks under different treatment temperatures,
and for the polycrystalline silicon standard.
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In Table 2 the lattice parameters, the c/a ratio, the peak
intensity ratio (Ip3)/I(104)), the crystallite size (A) and
the micro-strain (%) for all samples are presented. As re-
ported in the literature (HU et al., 2011; OHZUKU et al.,
1993; SANTOS et al., 2019), when the c/a ratio is around
4.99 and the (I(g93)/I(104)), is higher than 1.2, it indicates
that the material HT-LCO may have a good electrochem-
ical property. However, in this work all samples exhibit
a value close to 4.99, thus this parameter by itself cannot
be used to discriminate the samples about electrochemical
performance, while the I(gg3)/I(104) reveals that samples
heat-treated at 700 °C and 800 °C have peak intensity ra-
tio in the desired magnitude. As observed qualitatively in
Figure 5, the values of crystallite size and micro-strain
have inversely proportional behavior, while the size in-
crease with the heat treatment, the micro-strain decrease.
It is expected as the treatment temperature increase be-

cause more energy is taken to ordering the system.

As can be observed, the levels of size and strain for
the samples, heat-treated at 800 °C, are enough close and
may be supposed that the electrochemical performance
will be high for all of them.

With the purpose to evaluate the electrochemical per-
formance of the sample heat treated at 800 °C by 20 min,
the charge/discharge cycle was performed. In Figure 6 is
shown the CC-CV experiment for the 800-20min sample
that shows a discharge capacity of 135 4+ 10 mAh g~ !,
with an elevated discharge potential (3.60 V vs. LitILi).
These are in good agreement with the best values for
HT-LCO found in the literature, attesting that even low
treatment time is enough for the sample to exhibit high
electrochemical performance (DAI et al., 2016; LIU et al.,
2017).

Figure 6 — Charge and discharge cycle of the HT-LiCoO,
electrode calcined at 800 °C by 20 min.
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Table 2 — HT-LiCoO, data obtained from the Rietveld refinement: lattice parameters, c/a ratio, (003) and (104) peak

intensity ratio, crystallite size and micro-strain.

LCO sample HT-LiCoO,
a=b[A] c[A] cla Tigps)/l1osy Size[A]  Strain [%]

600 °C_lh 2815 14.049 4.990 0.81 303.9 0.213
600 °C_20h 2.816  14.035 4.983 0.94 3422 0.233
700 °C_1h 2814  14.046  4.990 1.42 657.2 0.119
700 °C_20h 2.814  14.051 4.993 1.59 913.2 0.063
800°C_20min  2.814  14.049 4.991 1.39 1225.0 0.052
800 °C_1h 2.814  14.050 4.992 1.41 1302.0 0.048
800 °C_20h 2814  14.051 4.993 1.53 1989.0 0.025

Source: The authors.

Conclusion

In this work, the heating rate influence in the forma-
tion of high ordered LiCoO, material was evaluated. The
heating rate was reduced to 5 °C min~! to avoid the exces-
sive volumetric expansion of the gel in the early stage of
the synthesis, but, by doing so, the high crystallographic
ordered HT-LCO was not obtained at low calcination
temperature (600 °C). The HT-LCO compound requires,
however, more energy than that available at 600 °C to
form a pure and crystallographically well-ordered mate-
rial. Nevertheless, it was demonstrated that by controlling
the heating rate the HT-LCO phase is successfully syn-
thesized at 800 °C even at a drastically reduced treatment
time of only 20 min. By comparison with other works
using the sol-gel synthesis reported in the literature, this
scale of time is, at least, five times smaller, thus making

this process time efficient and economically attractive.
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