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Electrochemical Performance of LiMnBOs/C Composite
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Abstract: Hexagonal-LiMnBO3/C composite was prepared by a wet impregnating method using the 3D-network ketchen black (KB)
as both a temple and a conductive framework. The crystal structure, morphology and specific surface area were characterized by
X-ray diffraction, scanning electron microscopy and nitrogen sorption measurements, respectively. The electrochemical properties of
the composite were studied by galvanostatic charge/discharge and cyclic voltammetry measurements. Results show that when tested
at C/20 rate for Li ion insertion/extraction properties, LiMnBO3/C composite exhibits good cycle capability with discharge capacity
retention of 87.4% at the 30th cycle. As the current rate increases from C/20, C/10 to C/5, good rate capability is obtained for all
rates with initial discharge specific capacities of 138.8, 124.5 and 100.5 mAh g, respectively.

Key words: LiMnBOg; lithium ion batteries; cathode

Lithium metal borates (LiMBO,;, M=Mn, Fe, Co) have been
recently reported as promising alternative cathodes for
lithium-ion battery due to their high theoretical specific
capacity (~220 mAh g), thermal stability, electrochemical
stability and environmentally benign nature™®. Among the
above borates, LIMnBO; generally exists in two structures,
namely the monoclinic structure and the hexagonal structure,
and has higher energy density along with high redox voltage
(4.1 VI3.7 V) compared to LiFeBO;. However, the lithium
metal borates in general suffer from poor electronic
conductivity, Li* diffusivity and Li-blockage by anti-site
defects, poor electronic and ionic conductivity similar to those
of the olivine framework™'”). Recently, these obstacles have
been overcome for LiMBO; by employing conductive carbon
coatings, nano-sizing and preventing the surface poisoning of
the materials in recent studies® ****3  particularly in the case
of LiFeBOs. The series of work presents new possibilities for
the development of cathodes made with LiMBO; that have
both high energy density and stability. In comparison to
LiFeBO;, LiMnBO; is an attractive cathode material owing to
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its higher Li" intercalation potential of 3.7 V for monoclinic
LiMnBO; and 4.1 V for hexagonal LiMnBO; (3.0 V for
LiFeBO3), providing higher theoretical energy density than
LiFeBO;. Nevertheless, these adverse effects such as poor
electronic conductivity and Li™ diffusivity are more prominent
in case of LiMnBO; with very higher energy barrier in Li-ion
channels than in case of LiFeBO,, making it challenging to
achieve high capacity for LiMnBO; using methods developed
for LiFeBO,M**™ Thus, only a smaller fraction of the
theoretical capacity of LiMnBO; could be accessed up to
date[l,lS-lB].

In the present investigation, LiMnBO3/C composite was
synthesized by a wet impregnating method using 3D-network
KB as both a template and a conductive framework. The
templating function of KB can be attributed to its unique
properties, such as the 3D connectivity of the pore system,
high pore volume and narrow pore size distribution, which can
control the particle size of LiMnBO; and the morphology of
LiMnBOs/KB composite. The conductive framework function
of KB can be attributed to the continuous and connected nano
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carbon particles. Additionally, the structure and the
electrochemical performance of LiMnBOs/C composite were
also characterized.

1 Experiment

All chemicals were of analytical grade from Kemiou
Chemical Reagent Company (Tianjin, China) except KB (Lion
Corporation Limited). In a typical synthesis, 0.02 mol
CH;COOLi-2H,0 and 0.02 mol Mn(CH;COOQ),-4H,0 were
dissolved in 30 mL absolute alcohol at 50 °C for 30 min, and
similarly, 0.02 mol tributyl borate in 20 mL absolute alcohol.
After the salts were completely dissolved, the two solutions
were mixed and violently stirred for 1 h at 50 °C. After 0.2099
g of KB was impregnated with the above solution, 2 mL water
was added for hydrolysis and a powder was obtained by
evaporating the solvent at 50~70 °C. Finally, hexagonal-
LiMnBO,/C composite was obtained after heating the powder
in a tube furnace at 500 <T for 10 h under flowing argon.

Powder X-ray diffractions (XRD) pattern was obtained on a
D8 Advance type diffractometer equipped with Cu Ka
radiation (operated at 40 kV, 40 mA). The XRD pattern was
analyzed with MDI Jade 5.0 software to identify phase and to
calculate lattice parameters. The surface morphology of the
samples was observed using a JSM-6380 scanning electron
microscopy (SEM). The CHN Elemental analyzer was used to
measure the amount of residual carbon in the LiMnBO,/C
composite material. The surface areas and pore volumes of
samples were determined via nitrogen sorption with a
Micromeritics ASAP 2020 adsorption porosimeter at 77 K.
The surface area and pore volumes were calculated using the
Brunauer-Emmet-Teller (BET) method and the Barrett-Joyner-
Halenda (BJH) method, respectively.

For electrochemical studies, composite electrodes were
fabricated with the active material, conductive carbon
(acetylene black+ketchen black+in-situ carbon) and binder
(polyvinylidene fluoride) in the mass ratio 70:20:10 using
N-methyl pyrrolidone as a solvent. Electrodes were prepared
using an etched aluminium foil as a current collector by the
doctor-blade technique. Lithium metal foil, 1 mol/L LiPFg
solution in ethylene carbonate-diethyl carbonate (EC-DEC,
3/7, volume ratio) and Celgard 2502 membrane were used as a
counter electrode, electrolyte and separator, respectively to
assemble coin-type cells (size 2025) in an Ar-filled glove box
(Mikrouna). The active material content in the electrode was
around 3~5 mg. Galvanostatic tests were done in the voltage
range of 4.5~1.7 V with constant voltage charge at 4.5 V until
the current decay below 2 mA g*. Cyclic voltammetry (CV)
tests were carried out at various scan rates within 4.5~1.7 V
using a computer controlled CHI660C electrochemical analyzer.

2 Results and Discussion

Structural analysis of LiMnBOs/C composite sintered at
500 °C for 10 h was investigated by XRD studies. The XRD

pattern of the sample, shown in Fig.1, is similar to the
previous reports™'”. The diffraction peaks of the sample
correspond to a single-phase and no other secondary phases
are detected. Unit cell parameters of a=0.8178 nm and c=
0.3146 nm were determined by Jade 5.0 software, consistent
with literature values described elsewhere™. Although the
residual carbon content in the LiMnBO,/C composite is 10.4%
in mass measured by CHN analyzer, there is no obvious
carbon diffraction peaks in the profile of the composite
because the residual carbon including KB and the carbon from
the pyrolysis of acetate is amorphous.

Fig.2 shows the N, adsorption/desorption isotherms for KB
and the LiMnBO,/C composite. The N, adsorption-desorption
isotherms shows a strong hysteresis loop, which is an
adsorption-desorption characteristic of the porous materials.
Furthermore, the inflection point in the isotherm for
LiMnBO,/C showing a shift to a smaller relative pressure
proves that the mesopore of KB is filled or blocked by
LiMnBO;, resulting in a reduced surface area, pore volume
and pore size. A comparison on pore structure parameters of
KB and the LiMnBO3/C composite is listed in Table 1. As
listed in Table 1, the BET surface area, pore volume and pore
size drop from 1290 m® g, 2.47 cm® g™ and 11.85 nm for KB
to 78.7 m* g, 0.18 cm® g™ and 8.83 nm for the LiMnBO,/C
composite, which affirm the impregnation of LiMnBO; in KB
inner pores.

The morphologies of the LiMnBO,/C composite and KB
observed via SEM are shown in Fig.3. The nanostructured
carbon network of KB can be clearly observed in Fig.3b. The
LiMnBO; particles uniformly disperse inside the KB network.
There are generally two possible locations of LiMnBO; guest
particles in the KB matrix. The guest particles may be located
inside the inner pores or at the external surface of the KB. In
this investigation, it seems that some agglomerated and bigger
LiMnBO; particles are on the external surface of KB; however,
based on BET results most of the inner pores are filled by
smaller LiMnBO; particles. The average sizes of agglome-
rated LiMnBO; particles which are estimated from SEM
images are between 0.1 and 0.3 pm.
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Fig.1 XRD pattern of LiMnBO3/C composite
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Fig.2 Nitrogen adsorption-desorption isotherms of the LiMnBO3/C
composite (a) and KB (b)

Table 1 Pore volumes and BET surface areas of KB and the
LiMnBO3/C composite

Sample KB LiMnBO,/C
Sger/m? gt 1290 78.7
Pore volume/cm® g* 2.47 0.18
Pore size/nm 11.85 8.83

Fig.3 SEM images of LiMnBOs/C composite (a) and KB (b)

The first five charge/discharge curves for the LiMnBO,/C
composite are displayed in Fig.4. The cells were cycled under
a C/20 (1 C=222 mAh g) rate in the voltage range between
1.5 and 4.5 V with constant voltage charge at 4.5 V until the
current decays below 2 mA g™. Charge and discharge curves
have undergone continuous change through the capacity,
namely, no noticeable plateau is observed, in accordance with
the previous report™” ' indicating that (de)lithiation occurs
through a solid solution mechanism. The significant difference
occurs between the first charge potential curve and the
subsequent ones, which are also present for LiCoBO; and
LiFeBO,* . These differences could be explained by the
partial amorphization of LiMnBO; due to the stress induced
after the first cycle™”. Besides, the charge and discharge
process has a high degree of polarization, for example, the
average voltage for charge is found to be ~3.9 V vs Li'/Li
after the first cycle, whereas the average discharge voltage is
approximately 2.9 V vs Li*/Li. This huge polarization shows
the poor Kinetics in the system that is very similar to the cases
of LiFeBO; and LiCoBO;. The composite delivers an initial
capacity of 138.7 mAh g™ with a charge/discharge efficiency
of 90.7%.

Further investigation into the composite’s performance was
carried out by examining the effect of current rate on the
capacity of the composite. Fig.5 shows the reversible capacity
of the composite obtained at different current rates like C/20,
C/10 and C/5. It can be found that the composite exhibits good
rate capability with initial discharge specific capacities of
138.8 mAh g™ (C/20), 124.5 mAh g™ (C/10) and 100.5
mAh g™ (C/5). Although the first discharge specific capacity of
138.8 mAh g™ at C/20 is lower than the theoretical value and
that reported by Afyon et al™”) it is much higher than those of
the solid-state reaction or spray-drying process*>?°?, In the
papers reported by Chen™, Li®® and Lee®® h-LiMnBO,
showed the first discharge capacity of 75.5 mAh g™ in the
voltage range between 1~4.8 V, 90.7 mAh g™ within
1.25~4.80 V and 53 mAh g in the voltage range between
1.5~45 V at C/20, respectively. Moreover, the composite
exhibits good cycling performance at all the three current
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Fig.4 First five charge/discharge curves of LiMnBOs/C composite
within 4.5~1.5 V at C/20 rate
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Fig.5 Discharge specific capacity vs cycle number at various
current rates

rates. For example, the discharge specific capacity is 121.3
mAh g with discharge capacity retention of 87.4% at the
30th cycle under C/20, which is higher than that reported by
Aravindan™ and by Li et al® for hexagonal LiMnBO,/C
cycled at C/20. Considering the low conducting nature of the
LiMnBOjs, this result is a significant improvement compared
to the earlier work with various rates">'®. The enhanced
properties for the LiMnBO,/C composite may be attributed to
the covering and connecting of active LiMnBO; by KB that is
expected to facilitate electron and lithium ion transport.

Fig.6 shows the CVs for the LiMnBO,/C composite, which
were recorded using the Li metal as counter and reference
electrodes in the voltage range of 4.5~1.7 V at the scan rate of
0.08 mV s™. In all cycles, no obvious oxidation peaks are
observed in the oxidation process; they instead exhibit a
gently upward slope from 2.8 to 4.2 V, except the first
oxidation step, in which a broad oxidation peak occurs at
~3.68 V vs. Li/Li". A broad reduction peak is observed around
2.8 V in each cycle, ranging from ~3.5 to 2.4 V, indicating CV
curves of LiMnBO; without sharp and symmetrical redox
peaks, perhaps due to its low electrical conductivity, small
Li-ion diffusivity and a solid solution mechanism. The
reduction peak intensities have dropped slightly at each cycle,
consistent with the capacity loss observed in the charge and
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Fig.6 CV profiles of the LiMnBO3/C composite at the scan rate of
0.08 mVv s

discharge curves. However, the peak positions approximately
remain unchanged which may be interpreted as reversible
insertion/extraction mechanisms.

CV of the LiMnBO,/C composite was also carried out at
various scan rates. Fig.7 shows the CV profiles of the
composite in the scan rate range of 0.02~0.16 mV s™. The
reduction peak separation and reduction peak intensity change
as a function of the scan rate. For the coin-type cell systems
the electrodes can approximately be regarded as a flat one!??,
and the relationship between the peak current and the scan rate
is represented as follows:

i,=2.69 < 10° n¥*A**D'*C, (1)
where i, is the peak current (A), C, is the initial concentration
of Li ion (mol/cm®), v is scan rate (V s™), A is electrode area
(cm® and D is the diffusion constant (cm®s™)®. The
reduction peak current from Fig.7 is plotted in Fig. 8 vs the
square root of the scan rates, as expected for diffusion-
controlled process. The peak current shows a half-order
dependence on the scan rate, consistent with semi-infinite
diffusion control, for the entire range of scan rates. From the
slope of i, vs /%, the diffusion coefficient of lithium ion in
LiMnBO; has been estimated. The diffusion coefficient of
lithium ion is 1.04<10™** cm?s™, which is higher by 2 orders
of magnitude than the value measured by electrochemical
impedance spectroscopy®, but is lower by 2 orders of
magnitude than the computational result,
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Fig.7 CV profiles of the LiMnBOs/C composite at different scan rates
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Fig.8 Plot of reduction peak current vs square root of the scan rate
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