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Abstract

Crystalline B-cobalt hydroxide (B-Co(OH)2) of different morphologies have been successfully
synthesized with the addition of sodium hydroxide to cobalt nitrate solution and aging in the
mother liquor. The rate of NaOH addition, ranging from 0.1 mL/min to 10 mL/min,
influences the surface morphology with the obtained storage capability of the respective
electrode. Characterization of the B-Co(OH): was fully developed, including X-ray
diffraction, scanning and transmission electron microscopy, and BET analyses. At a lower
rate of NaOH addition, particles are like platelets, while for a higher rate (> 2 mL/min) grains
are fused together forming a larger crystallite size. This result is supported by the X-ray
diffraction structural analysis, where the phase evolution of (002) plane becomes distinct for
the higher rate of NaOH addition. Lithium cobalt oxide (LiC0oO2) was synthesized through
oxidation from the as-prepared f-Co(OH)2 and LiOH. The electrochemical performance of as
obtained LiCoQ: is investigated using charge-discharge and cyclic voltammetric studies. The
precursor B-Co(OH)2 prepared at a lower rate of 0.1 mL/min in LiCoO2 demonstrated the best
electrochemical performance of 155 mAh/g. After 50 cycles, the capacity retention rate was
67% compared with the first cycle. Finally, we have attempted to correlate the amount of the
available OH" ions with the formation of platelets and the discharge capacity. This work has
developed a methodology for the synthesis of LiCoO2 using B-Co(OH): in a facile chemical
solution process.
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Introduction

Currently, fossil fuels play a major role in the total world primary energy consumption,
but the main issues associated with the fossil fuels are finite resources and produces
significant CO2 emissions into the atmosphere. Therefore, alternative source of energy
(such as from renewable resources) will be part of the energy economy in the future. As
the renewable energy resources are intermittent, the demand for reliable batteries is rising,
so that the excess energy can be stored and used it later [1]. Rechargeable batteries are
devices which can store and release electric energy repeatedly. The lithium-ion battery has
significantly higher energy density and power density (at least 2 — 3 times) than lead-acid,
Ni-Cd, and Ni-MH batteries [2]. Li-ion battery has found a wide range of applications,
ranging from portable electronics, power tools, to electric vehicles (EVs). However, the
development of this battery requires extensive research on cathode materials [3]. Lithium
cobalt oxide (LiCo0Oz2) remains as one of the most attractive positive electrode materials

that has received much attention for lithium secondary batteries [4-5].

LiCoO2 having a layered structure [6], composed of a closed-packed network of
oxygen, is used as a cathode for high-energy systems [7, 8] which has the structural
limitation of the capacity >140 mAh g ! at a potential >3.4 V vs. Li/Li". The extraction of
Li from LiCoO:2 beyond 0.5 Li is limited, means LiCoO2 can only deliver half of its
theoretical capacity of 247 mAh g'. Early studies on LiCoO2 have demonstrated the well-
developed synthetic routes that can enhance specific capacity through doping with
trivalent ions and coating with metal oxides, and the ability for facile synthesis for mass
production [4, 9]. However, the toxicity and high cost of additives limited the use of
applying a coating or incorporating the additives in LiCoO2. Alternatively, there is a
number of other ways to enhance the performance, such as, synthesize LiCoO2 from its
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well-known precursor cobalt hydroxide/oxide [10—13] using methods such as sol-gel [14],
spray-drying [15], and rotary evaporation method [16]. Recently, there were few reports
on using both cobalt hydroxides such as Co(OH)2 and a-Co(OH)2 as negative electrodes
for battery applications [17-18]. However, the tailored B-Co(OH): nanoparticle as a
precursor to synthesize LiCoO:z and testing its suitability as a cathode for battery studies in
non-aqueous solvents has not been reported.

Cobalt oxyhydroxide, Co(OH)2, has been reported to crystallize in two different
forms, a and B, with layered hexagonal crystal structures [19]. The a-form is isostructural
with hydrotalcite-like structure, which is inclined to losing interlayer water and become
metastable. While the B-form is brucite-like structure and consists of a hexagonal packing
of hydroxyl ions with Co (II) occupying alternative rows of octahedral sites without any
intercalation process into an interlayer space. Therefore, a B form of Co(OH): is expected
to be more promising than their counterpart, a form [20]. The objectives of the current
work are (a) to controllably synthesize a series of f-Co(OH)2 nanoparticles with different
morphologies while varying the rate of addition of the reagent (NaOH). (b) to use the -
Co(OH): as precursor mixed along with LiOH to synthesize LiCoO:2 by a simple chemical
solution process, (c) then to investigate their electrochemical properties for potential
energy storage (battery) applications.

Experimental
The reagents Co(NO3)2.6H20, NaOH, Nitric acid, and LiOH used were analytical grade

purchased from Merck Chem. Ltd., India.

Synthesis
In a typical synthesis of p-Co(OH): nanoparticles: 1M NaOH solution was added

dropwise into the beaker containing cobalt nitrate solution while varying the rate of
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addition of the NaOH ranging from 0.1, 1, 2, 5 and 10 mL/min. The deposition of cobalt
hydroxide was carried out by controlling the pH of the mother liquor of the solution from
pH 4 to 8.5. After precipitation, the as-obtained product was filtered followed by washing
in de-ionized water until the pH of filtrate attains a value ~7. Then the filtrate was further
washed with ethanol followed by drying at 80°C.

In a typical synthesis of LiCoQO:: the Stoichiometric amount of as synthesized f-Co(OH)2
is mixed with lithium hydroxide (LiOH) and heated in a furnace at 450°C for 3 h in air.
Then, it was furnace cooled and the resultant powder was mixed with the binder, polyvinyl
alcohol (PVA), in order to make a pellet. Finally, the samples in a pellet form were
sintered at 850°C for 10 h in air. The final product is LiCoOz2 in a single phase without any
impurities.

Physical Characterization

An X-ray diffractometer (PANalytical PW 1830; Philips, Japan) with Mo-Ka radiation (A
=0.70932A°) was used to determine the preferred crystal orientation and phase purity of
the deposited cobalt hydroxide, Co(OH)2. The deposits were also analysed by scanning
electron microscope (SEM, JEOL JSM 6510, Japan) to view the morphology of the Cobalt
hydroxide prepared under various deposition conditions. Transmission Electron
Microscope (FEI, TECNAI G2 20, TWIN, (FEI (Philips), Almelo, The Netherlands)
operated at 200 kV was used to study the internal features of the synthesized Co(OH)2
samples. For TEM analysis, a very dilute suspension of the sample was put on carbon-
coated Cu grids after dispersing in acetone medium.

Electrochemical characterization

Electrochemical experiments were carried out via coin cell (2025 type coin cell). To
prepare the cathode, as-prepared materials LiCoO2 derived from (Co(OH)2) mixed with

acetylene black, and polyvinylidene fluoride (PVDF) binder in a weight ratio of 80:10:10
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was dispersed in a N-methyl-2-pyrrolidone (NMP) solution to make a slurry. The mixed
slurry was coated on a copper Al foil and dried in a vacuum oven at 90°C overnight prior
to coin-cell assembly. The cells were assembled in a glove box (Mbraun, Germany) filled
with ultrahigh purity argon with metallic Li anode, polypropylene membrane as the
separator, and a 1M LiPFs in ethylene carbonate/dimethyl carbonate (EC/DMC) (1:1 v/v)
as the electrolyte. Galvanostatic charge/discharge and cycling test were evaluated using a
Land Battery Tester (Land CT 2001 A, Wuhan, China) within the voltage range of 3 V —

4.5 V (vs. Li/Li") at room temperature.

Results and Discussion
I. Structural analysis
X-ray diffraction (XRD)

The XRD patterns of the as-synthesized product are presented in Fig. 1. All the diffraction
peaks can be ascribed to the pure brucite-like crystal structure of B-Co(OH)2 (adopting a
hexagonal structure and the pattern is in good agreement with those reported in the literature
JCPDS card 00-001-0357) [21-22]. The XRD patterns of all the samples obtained by varying
the rate of NaOH addition is characterized by the Bragg reflection intensity of the doublet,
(101) and (002) peaks. The inset in Fig. 1, clearly shows the variation in the intensity of the
doublet indicating that the preferential orientation was changed from (101) to (002), which
could be a reason for varied surface morphology (detailed in the next section; SEM). For the
slowest rate i.e. 0.1 mL/min, weak Bragg reflection is observed for (002) plane, while the
reflection for (101) plane is strong. Interestingly, with the increase in the rate of NaOH
addition, the (002) peak grows gradually and the intensities of the (101) and (002) peaks
become equal at the rate of 1 mL/min. From thereon, (002) peak supersedes and becomes

dominant. With reference to the standard JCPDS pattern and work reported earlier [21], an
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intensity of the (002) peak is not strong, as opposed to the strong peak observed in this work
in Fig. 1. This unusual observation could be due to the fact that OH™ ions are absorbed onto
the cobalt hydroxide (002) plane, and resulted in a preferential orientation on the sample
surface. From the crystallographic point, it can be explained in a way that (101) plane has
only one growing site in the b-axis, whereas in the case of (002) plane, there are two growing
sites in both a and b axes. Hartman et al [23] described the specific compound have a variety
of morphology based on the crystal planes. Therefore, the sizes of the platelets like crystals
are expected to be bigger with the rate of NaOH addition but only to an extent of 2 mL/min.
At a higher rate (> 2 mL/min) the tendency of the crystal formation is fused towards the
formation of a nucleus, however, the particle size is still in nano size. As shown in Fig. 2a
when the rate of OH™ ion addition is very slow, the cobalt ion is surrounded by very few OH
ion. This is to say the number of OH™ per cobalt ion was just adequate. The case is opposed to
the higher rate (Fig. 2b), and this could explain the evolution of (002) peak through variation
of the concentration of NaOH at a fixed cobalt nitrate concentration. After the optimized
value of 2 mL/min, the population of OH™ ion becomes too high [24] in the vicinity of each
cobalt ion, as illustrated in the diagram Fig. 2b, thus the grains fused together forming small
crystals (detailed in the next section; SEM). Obviously, the rate of NaOH addition influences
the pH of the solution, the crystallite size of B-Co(OH)2 and the phase evolution of (002) peak

support this fact profoundly.

SEM and TEM studies

The morphology and texture of the as-synthesized B-Co(OH). samples prepared at the
different rate of NaOH addition have been studied through SEM and presented in Fig. 3. The
surface morphology was changed by increasing the concentration of NaOH, the observed

trend is quite similar to those reported in the literature but for the material ZnO [24]. The
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observed initial irregular morphologies (Fig. 3a-b) are due to low pH in the solution (scarce
of OH™ ions). In Fig. 3 c-f, the SEM images reveal that the particles got more flattened with
the addition of the NaOH from 0.5 mL/min to 2 mL/ min. A similar sort of morphology
reported for this material [23, 25] displaying a platelet-like shape indicates the formation of
cobalt oxyhydroxide. At > 2 mL/min, the excess OH" ions in the vicinity of cobalt ions were
absorbed onto the cobalt surface. As a result, as-synthesized B-Co(OH)2 particles appears to
take a different shape of tiny clusters (Fig. 3g-h). At a higher magnification, the clusters are
more visible suggesting that newly-formed nuclei agglomerated to form bigger secondary
particles resulting in clusters.

To gain more insight into the internal features of the obtained product, transmission
electron microscopy was conducted and the corresponding images were shown in Fig. 4.
TEM images revealed that the structure of as-prepared B-Co(OH): is a typical hexagonal
structured nanoplatelet as evidenced from Fig. 4a. The length of the nanoparticle, calculated
using Image J software, is found to be in the range of 20-25 nm. Fig 4b depicts that though
the B-Co(OH): is invariably shown to be hexagonal in shape, the particle sizes varies
significantly. The selected area diffraction pattern of the particles shown in Fig. 4c shows a
series of Debye rings with bright spots illustrating that he particles are crystalline in nature,
supporting the diffraction pattern observed in Fig. 1. The inter-planar distance between two
lattice fringes was evaluated as 0.244 nm (Fig. 4d), which is in excellent agreement with the

(101) crystal plane.

Particle size analysis
The particle size and morphology of solution-processed B-Co(OH)2 is shown to be controlled
by concentrations of the NaOH addition that influences the particle nucleation and growth

mechanisms. Table 1 gives an overview of particle size obtained from the product at various
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solution concentrations. The particle size distribution reveals a similar trend to that of XRD
and SEM that the particle size increases until the rate of NaOH addition reaches an optimum
value and then it started to reduce. Table 1 shows that for 0.1 mL/min the particle size is 237
nm for 50 % (otherwise termed as Dso) of particles and 290 nm for 90% (D9o) of particles.
The Dso is the "mass median diameter" as it divides the sample equally by mass. However,
with the concentration of 2 mL/min, the particle size further increases to 525 nm for 50%
particles and 2939 nm for 90% particles. At > 2 mL/min, sizes reduced to 232 nm for 50%
particles and 973 nm for 90% particles for 5 mL/min and finally it dropped to 539 nm for
90% particles with 10 mL/min rate of addition.

FTIR analysis

FT-IR spectra of the as-synthesized B-Co(OH)2 samples prepared at the different rate of
NaOH addition are shown in Fig. 5. Several absorption peaks are evidenced and the peak
numbers are labeled in the respective spectra. For the lower concentration, 0.1 mL/min, three
absorption peaks were identified in the mid-frequency region. The peak at 591 cm™! is
assigned to C-Br stretching (m) vibration. The band at 659 cm™ corresponds to the ¢ O-H
wagging vibration. The peak at 1384 cm! is related to the v3 vibrational modes of NO3~
intercalated in the interlayers [20, 26]. For 1, 5 and 10 mL/min samples, an evolution of new
absorption peaks were observed. IR peaks at 1083 cm™' and 1033 cm™! are assigned to the C-
N stretching (m) vibration. In case of 1 mL/ min, an additional peak appears at the position of
795 cm’! may be attributed to C-Cl stretching (m) vibration. A peak at 1631 cm™! for 50 and
100 mL/min is due to N-H bending vibration. The band at all the high wavenumbers, for the
samples analyzed, can be assigned to the stretching vibration of hydroxyl group [21]. The
peaks at 3428 cm™! and 3441 cm™! and 3435 cm™! may be attributed to H" bonded -OH
stretching vibration for 0.1, 1, and 10 mL/min, respectively. The presence of excess OH™ ions

on the surface of the f-Co(OH): is evidenced by the infra-red analysis.
8
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II. Electrochemical analysis
Charge-discharge and cyclic voltammetric analyses

The use of transition metal oxides such as LiCoO: as the positive electrode has been widely
studied for Li-ion rechargeable batteries. The achievable capacity of LiCoO:z is reported to be
147 mAh g'! based on the 0.5 extraction of Li ions from this cathode material [3-4]. The
electrochemical activity of the LiCoO: prepared from the as obtained B-Co(OH): as a
precursor mixed with LiOH was tested through multiple charge-discharge analysis. Fig. 6a
shows a typical voltage vs. capacity profile for LiCoO2 prepared at a rate of 0.1 mL/min. The
corresponding dQ/dV plot is presented in Fig. 6b. The process is fully reversible with a flat
discharge mid-potential of 4 V before it falls sharply down to the cut-off voltage 3 V. The
first discharge capacity is found to be ~155 mAh/g when cycled at C/10 current rate. The
discharge/charge mechanism could correspond to a facile intercalation/extraction of lithium
ions into/from the layered structure of lithium cobalt oxide. The Li" intercalation leads to the
reduction of Co*" ions into Co** and in the subsequent charge, Co** ions are oxidized back to
Co*" oxidation state [3-4]. The redox process of cobalt ions (+3/+4) is known to take place at
~4.0V with respect to Li"/Li. The phenomenon is clearly visible in the dQ/dV plot presented
in Fig. 6b. As shown in Fig. 6b, the oxidation takes place ~4.1V during the first charge and
the corresponding reduction can be observed at ~3.9 V during discharge. In the subsequent
cycle of charge, the oxidation is slightly shifted to lower potential value, whereas the
reduction takes place at the same potential. All the LiCoO2 samples were found to be
electrochemically active in delivering multiple intercalation/de-intercalation of Li" ions into
the structure. The charge-discharge profiles for 2 mL/min and 10 mL/min showed a similar
shape of curves (not shown here) but with a slightly a meager in available capacities, such as
150 mAh g! and 145 mAh g’!, respectively. However, in terms of cyclability, a significant

difference has been observed.
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The cyclability performance measured at C/10 current rate for the LiCoO2 samples
prepared by varying rate of NaOH is presented in Fig. 7. The highest discharge capacity
~155mAh/g was obtained for the sample prepared at the slowest NaOH addition rate 0.1
mL/min. To be noted, LiCoO2 prepared from the high rate of NaOH addition (10 mL/min)
showed (Fig. 7) a dramatic drop in the 2™ cycle. This could be due to the structural instability
and excessive reaction of OH™ particles with an electrolyte which leads to the formation of
unfavorable by-products. The samples prepared with the relatively lower rate of reagent
addition (0.1 mL/min and 2 mL/min) do not show such anomaly. The reason may be
attributed to the fact that with the slow availability of the OH™ ion, the crystals would have
developed more homogenously as compared to the samples with the high rate of addition.
Table 2 summarizes the discharge capacity at various cycles until 50 % capacity retention
after 50 cycles of charge/discharge at C/10 discharge current, and average capacity fading

rate for LiCoOz prepared at various rates of reagent addition.

The sample prepared at slowest addition rate is found to be good at delivering better
cyclability and capacity retention as compared to the samples prepared at relatively higher
addition rate (10 mL/min). If we analyse the average capacity loss per cycle, the loss is
comparable for 0.1 mL/min and 2 mL/min whereas for 10 mL/min there is a drastic rise in the
loss per cycle (4.6) as shown in Table 2. This loss is mainly observed from the second cycle
onwards. This behaviour proves the presence of imperfection in crystallization of sample
prepared at a high rate of NaOH addition. Thus enhanced electrochemical performance was
revealed by the slow addition of reagent that influences the morphology and correlates the

structural and electrochemical properties.

10

d0i:10.20944/preprints201808.0046.v1


http://dx.doi.org/10.20944/preprints201808.0046.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2018

Conclusions

Chemical deposition of cobalt hydroxide was carried out in cobalt nitrate with the addition of
NaOH at varying rates ranging from 0.1 mL/min to 10 mL/min. The Co(OH)2 was identified
as the B form with a brucite-like structure. At a higher rate (= 2 mL/min) of NaOH in the
solution, a larger amount of OH™ ions deposits on the sample surface in the (002) plane and
the particles are found to fused together with a lower particle size. The as-synthesized -
Co(OH)2 with an optimum rate of NaOH addition chosen as a precursor for LiCoO2 was
tested for its suitability as a cathode material in Li-ion battery as cathode. The LiCoO:
showed a discharge capacity of 155 mAh/g. After 40 cycles, the capacity had decreased by
less than 2% compared with the first cycle. These results confirmed the potential application
of the prepared B-Co(OH)2 nanoparticles with a platelet shape as a suitable precursor for a
battery electrode LiCoOo.
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then used as a precursor to prepare battery electrode LiCoQ:.”
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Figure 1 (a) X-ray diffraction (XRD) patterns of the as-synthesized B-Co(OH): in the
presence of NaOH addition at a different rate indicated in the figure, and (b) magnified XRD
pattern of the 20 values between 16° and 19°. Variation in the intensity of the doublet peaks
(101) and (002) shown in the inset.

15


http://dx.doi.org/10.20944/preprints201808.0046.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 August 2018 d0i:10.20944/preprints201808.0046.v1

(b)
Figure 2 Ball and stick diagram of the formation of B-Co(OH)2 in the presence of (a)

optimised amount and (b) excess amount of OH ions in the solution. Picture (b) is viewed in
(002) plane.
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Figure 3 Scanning electron micrographs (SEM) of as-synthesized f-Co(OH): in the presence
of NaOH addition at a different rate (a, b) 0.1 mL/min (¢, d) 1 mL/min (e, f) 2 mL/min (g ,h)
5 mL/min (i, j) 10 mL/min on different magnifications. Change in morphology is evident.

Platelets like shape (c — 1), and tiny clusters (g — j).
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Figure 4 Transmission electron micrographs (TEM) of as-synthesized -Co(OH): in the
presence of NaOH addition at a 0.1 mL/min rate. (a-b) showing hexagonal shaped particles
under different magnifications, (c) its corresponding selected area diffraction pattern (SADP)
and (d) high resolution TEM (HRTEM) showing fringes like pattern, interplanar distance
between two fringes is shown.
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Figure 5 Fourier transform infra-red spectra of the as-synthesized B-Co(OH): in the presence
of NaOH addition at a different rate indicated in the figure.
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Figure 6 (a) Charge — discharge profile of as-synthesized f-Co(OH): in the presence of
NaOH addition at a 0.1 mL/min rate illustrating the cell is fully reversible after subsequeent
cycles, and (b) corresponding dQ/dV plot.
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Figure 7 Discharge capacity upon cycling illustrating the cycling stability of the as-
synthesized B-Co(OH): in the presence of NaOH addition at a different rate indicated in the
figure. The lower rate provides us a larger discharge capacity and excellent cycling stability.
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Table 1 Particle size analysis of the as-synthesized -Co(OH)2

Rate (mL/min) Size (nm)
50% 90%
0.1 237.1 290.7
1 420.0 901.0
2 525.0 2939
5 232.9 973.0
10 402.0 539.0

Table 2 Performance characteristics of the as-synthesized B-Co(OH): in the presence of
NaOH addition at a different rate indicated in the figure. Capacity retention and rate of
discharge are compared.

Discharge Rat.e.of Initial discharge éverage Average fading rate
rate addition capacity(mAh/g) discharge (mAh/g per cycle)
( mL/ min) capacity (mAh/g)
C/20 01 135 151.5 1.26
C/5 ' 156 158.6 0.6
C/2 159 159.5 0.5
C/20 ) 127 137.4 0.94
C/5 141 143.6 0.6
C/2 144 144.5 0.5
C/20 10 110 121.8 1.68
C/5 122 129.4 4.4
C/2 128 136.5 8.5
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