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Abstract

CoO composite materials had attracted wide attention due to their potential application in lithium ion batteries (LIBs). We report a
green and novel solution method for making pristine Co30,4 and mixed phase CoO@Co;04@C composite anode electrodes in
LIBs. The anode materials characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD
diffraction pattern reveals that composite anode contains as a major phase of CoO and small amounts of cubic Co3;04 and Co
metal peaks are found as impurity phases. The SEM micrographs showed that CoO, Co30,, and Co phases are distributed in
amorphous carbon network. The electrochemical behavior of anodes material is investigated by galvanostatic discharge/charge
measurements and cyclic voltammetry. The composite anode shows a reversible specific capacity approaching 447 +5 mAh g~
after 10 cycles at 100 and 107 +5 mAh g ™" after 50 cycles at 500 mA g 'as well as improved cyclic stability and excellent rate
capability. The enhancement of the electrochemical performance is attributed to the good electric contact between the particles,

easier lithium ion diffusion, and suppression of volume change of anode.
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Introduction

Designing electrode materials with high lithium storage ca-
pacity, rate capability, and long cycling life is still a major
challenge for developing high-performance lithium-ion batte-
ries (LIBs). Graphite is currently used as the anode material
for commercial LIBs, but its capacity is limited to a theoretical
value (372 mAh g ') and a potential of 0.1 V relative to Li/Li*.
Recently, much effort has been focused on new anode mate-
rials with both larger capacities and slightly more positive
insertion voltages with respect to Li/Li* in order to minimize
any risks of high-surface-area Li plating at the end of a fast
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recharge [1]. Various new high-performance anode materials
have been intensively investigated for next-generation LIBs
[2-5]. One of the most promising classes of anode materials
are conversion transition metal oxides (MOs). These MOs rely
on chemical transformations with more than one electron
transfer step to store and deliver energy, which results in the-
oretical capacities of two to three times higher than graphite.
In addition, they have a safer lithiation potential that elimi-
nates the possibility for problematic lithium plating during
charging. Lastly, MOs are naturally abundant and typically
environmentally friendly. However, the use of metal oxides
in their raw state has been limited by their low electronic
conductivity which promotes phase separation and large do-
main sizes from the metal and Li,O phases that form during
charging. It is this nanoscale phenomenon that limits MO
cycle life compared to graphite [6]. In recent years, transition
metal oxides such as CoO/Co30,4 [7-13], MoOs [13, 14],
SnO, [13-15], NiO [13, 16, 17], and ZnO [13, 18], NiFe,O4
[13, 19] have shown promising applications in lithium ion
battery due to their high theoretical capacity and high
abundance.

The anodic properties of Co;04 and CoO were first report-
ed by Poizot et al. in year 2000 [20]. Among the transition
metal oxides, cobalt monoxide (CoO) is considered as an ideal
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anode material for LIBs owing to its high theoretical Li-ion
storage capacity of 715 mAh g ', whose completely reversible
electrochemical reaction is as follows [21] CoO +2Li" +
2e <> Co+Li,O.

Nevertheless, the utilization of CoO is hindered by its
poor electronic conductivity and capacity retention and poor
cycling stability due to the large volume changes and stress-
es during the lithium ion insertion/extraction processes,
which result in insignificant capacity fading [22]. In order
to overcome these barriers, many appealing strategies have
been adopted to ameliorate the electrochemical perfor-
mances of CoO. To overcome these difficulties, composit-
ing with carbon materials such as graphene or carbon nano-
tubes has been proven to be an effective strategy to improve
the Li-ion storage capability of CoO anodes. All of these
works [23, 24] made a great contribution to enhance the
CoO anode for LIBs. However, other new composite sys-
tems with low cost and facile preparation are an urgent need
for practical application of Li-ion batteries. Amorphous car-
bon is a common conductive additive usually applied to the
preparation of composite anode electrode. It presents both
an amorphous microstructure with excellent ability to im-
prove the conductivity between the electrode and binder
materials and suppression of the enlargement of particle
size.

In literature, Co304 has been extensively investigated as an
anode material, because this material can be easy to prepare in
comparison to CoO or Co0,03. To improve electrochemical
performance of cobalt oxide anode materials, different synthe-
sis methods were applied. It can be easily prepared by various
conventional methods such as the solid state method, hydro-
thermal method [25], precipitation [26], virus-enabled synthe-
sis [27], template method [28], ammonia-evaporation-induced
method [29], molten salt method [30], thermal decomposition
[31], physical methods [13, 32], etc.

For example, Reddy et al. synthesized Co;04 compounds
using different molten salts. They reported the growth, reac-
tion mechanism, and lithium storage performance of different
C0504[33]. To prepare Co304, and CoO, the urea combustion
method and carbothermal reduction methods were adopted by
Reddy et al. These compounds were prepared in the form of
nano-rod/particles and investigated the Li-cycling properties,
and their use as an anode material [34].

In this study, we first prepared mixed phase
CoO@Co0304@C via Punica granatum extract which acts as
both the reducing agent and the carbon source. This process
produces mixed metal oxide particles by the self-generated
heat of reaction in a very short reaction time. Punica granatum
extract is rich in sugar (fructose and glucose) that can function
as reductants and presumably can be responsible to modify
size and morphology. The present synthesis is very helpful to
produce highly crystalline sub-micron size particles with dis-
tinctive shape and good electrical conductivity between the
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particles, which exhibit promise for application as an anode
material in LIBs.

Experimental
Extraction procedure

Punica granatum shells were dried at 100 °C for an overnight
in air atmosphere. The dry shells were suspended in 100 mL
ultra pure water. This suspension refluxed at 150 °C for 1 h.
Finally, the red suspension centrifuged at 4000 and
16,000 rpm for 15 min and then stored at 4 °C.

Synthesis of Co0@Co30,@C anode material

In a typical synthesis process, stoichiometric amount of cobalt
acetate was mixed with 3 mL Punica granatum extract. This
red suspension was heated in air for the evaporation of excess
water. At the end of this process, the red transparent gel was
obtained. Finally, this gel was annealed in a tube furnace at
400 °C for 2 h in Ar atmosphere to form a porous
CoO@Co0;0,@C. For comparison, pristine Co;0, were also
synthesized under the same condition in the air, except for
Punica granatum extract.

Characterization techniques

Thermal analysis of the precursor sample of anode material
was carried out using a PerkinElmer (Diamond) TG/DTA
thermal analyzer at a heating rate of 5 °C min ' under air
and N, atmosphere for pristine Co;04 and CoO@Co3;0,@C
composite, respectively.

The crystal structures of the samples were characterized by
X-ray diffractometer (Bruker D8 Advance) equipped with Cu-
K radiation (ov= 1.54178 A) and a graphite monochromator.
Scanning electron microscope (SEM, Zeiss EVO) was used to
observe the morphology of the powders by equipping energy
dispersive spectroscopy (EDS) to the performed element com-
position of the powders.

Electrochemical measurements

The electrode slurry was fabricated by mixing active materials
with polyvinylidene fluoride (PVDF was dissolved in N-
methyl-2-pyrrolidone (NMP) with a content of 10 wt%) as a
binder and Super P carbon black as a conductive agent with a
weight ratio of 8:1:1. This slurry was coated onto Cu foils via
doctor blade technique and then dried at 120 °C for overnight
in a vacuum oven. Each electrode was cut into discs with
diameter of 11 mm. The final working electrodes were usually
discs whose active masses exposed to the electrolyte solution
were 4-5 mg cm 2. Electrochemical measurements were
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performed using Swagelok-type cells with lithium foil as the
counter/reference electrode, glass microfiber filters
(Whatman) as the separator. The electrolyte was a 1 M
LiPFjg solution in a 50:50 (w/w) mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC). The cells were assembled
in argon-filled MBraun Uni Lab glovebox. All the as-prepared
cells were stabilized for 5 h before the measurements. The
cells were galvanostatically charged and discharged on an 8-
channel MTI battery analyzer. The electrode capacity was
measured by a galvanostatic discharge-charge method in the
voltage range between 0.01 and 3.0 V at various current den-
sities of 100 to 500 mA g ' on a battery test system. Cyclic
voltammogram (CV) measurements were performed with a
VersaSTAT MC multi-channel potentiostat/galvanostat/im-
pedance analyzer. CV tests were examined in the voltage
range of 0.01-3 Vat scan rate 0.1 mV s . Electronic conduc-
tivity of anodes was measured by linear scanning voltammetry
method with a VersaSTAT MC multi-channel potentiostat/
galvanostat/impedance analyzer.

Results and discussion

Figure 1 shows TG analysis of pristine Co3;04 and
CoO@Co050,@C composite. The TG analysis of cobalt ace-
tate with Punica granatum extract and pristine cobalt acetate
was figured out in N, and air atmosphere, respectively. TG
analysis showed that two curves resemble each other. It is
evident from the TG curve that decomposition occurs in three
steps. First step is that of the dehydration in which four water
molecules are eliminated in temperature range of 40-120 °C.
At temperature range of 180-260 °C, anhydrous cobalt acetate
decomposes to yield acetone as volatile and cobalt carbonate
as residue. The cobalt carbonate is unstable and decomposes
to yield CoO as residue and CO, as volatile. This reaction
occurs in 263-300 °C. TG curve corroborates no further ther-
mal reactions beyond 400 °C.

The crystalline nature and composition of samples were
examined by XRD. The XRD patterns of as-synthesized
pristine Co304, CoO@Co050,@C composite are shown in
Fig. 2. Figure 2 shows the XRD patterns of the final com-
posite, which is in agreement with CoO, Co3;0,4, and Co
(JCPDS card no. 02-1217, no. 42-1467, no. 05-0827, respec-
tively). No obvious peaks corresponding to crystalline car-
bon can be observed. However, amorphous carbon created
from Punica granatum extract cannot be excluded. All of the
diffraction peaks in this pattern are in good agreement with
the standard crystallographic data for cubic CoO. In addition
to the major phase of CoO, small amounts of cubic Co;04
and Co metal peaks are found as impurity phases. Reddy et
al. synthesized CoO from Co;0, via the carbothermal meth-
od [33]. Because of Co304 used as a precursor and carbon
used as a reducing agent, a unique phase of CoO is obtained
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Fig. 1 Thermogravimetric analysis (TG) of precursor samples

in this carbothermal method. On the contrary of the result,
because of Punica granatum extract mixed with cobalt ace-
tate, we synthesized mixed phase CoO anode material which
consists of Co and Co30,. Previous synthesis which is relat-
ed with Co304/CoO is similar to our XRD data and synthesis
results [34, 35].

Lattice constants were calculated from the XRD pattern of
Fig. 2 with a least-squares refinement. The lattice constants of
Co304, CoO@Co030,@C composite were determined to be
8.084(2) and 4.261(3) using the Fd3m and Fm3m space group
during Rietveld refinements, respectively. XRD data analysis
showed that the lattice parameter values of anode materials are
in good agreement with previous studies [36, 37].

The SEM images depicting the morphologies and micro-
structures of the materials are shown in Fig. 3. It can be seen
clearly from Fig. 3a, c that the particle distribution of compos-
ite material is heterogeneous. As seen from the XRD pattern,
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Fig. 2 XRD pattern of CoO@Co50,@C composite and pristine Co3;04
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Fig. 3 SEM images of a, ¢
CoO0@Co030,@C composite and
b, d pristine Co304 (low and high
magnification, respectively)

K

three different particle morphologies are shown in Fig. 3a, c.
Probably, these particles which are distributed in amorphous
carbon network belong to CoO, Co504, and Co phases, re-
spectively. In contrast to composite morphology and micro-
structure, particle distribution of pristine Co304 is very ho-
mogenous. As seen in Fig. 3b, d, the particles agglomerated
and the particle size of pristine Co30, is between 100 and
500 nm.

Furthermore, to verify the chemical composition of the
synthesized particles, the EDS analysis of sample
Co0@Co030,@C composite by SEM-EDS mode was con-
ducted (Fig. 4). As shown in Fig. 4, EDS spectrum of the
sample exhibits the characteristic peaks of Co, O, and C indi-
cating the CoO@Co03;0,@C composite phase purity in the
synthesized particles. From the EDS spectrum, the Co, O,
and C content in the anode material was calculated as a
57.3, 29.1, and 13.5 wt%, respectively. The characteristic
peaks of Au which are seen in 2.3 and 9.8 keV in the spectrum
belong to coating materials which are used in sputter coating
process.

The resistance (R) was extracted from the /-V curve based on
Ohm’s law. Resistivity (9) was determined using the equation R
=0 ﬁ where A is the pellet area and L is its thickness. 1/ yielded
the dc electronic conductivity for each cathode. Electronic con-
ductivity of pristine Co;04 and CoO@Co;0,@C composite
was found as a 1.14E-6 S cm ' and 0.231 S cmﬁl, respectively.
The electronic conductivity results of anodes displayed that the
amorphous carbon enhances the electronic conductivity by 10°
times.

@ Springer

EHT=2500k/ WD=90mm Mag= 2000KX SignlA=SE1 (= Ernam

Figure 5a, b shows the CV curves of the pristine Co304 and
Co0@Co0504@C composite anodes. The CV measurements
were performed to determine the electrochemical reaction of
the samples. It is observed that the cathodic peak in the first
cycle of the pristine Co304 at about 0.6 V could be attributed
to the irreversible formation of a solid electrolyte interface
(SE]) film (Reaction 1) [38, 39]. The cathodic peak at 0.8 V
could correspond to the formation of Li,O and Co by the
reduction of CoO (Reaction 2). In the subsequent cycles, the
cathodic peak slightly shifts to a lower potential. However,
one cathodic peak in the first cycle is seen at 0.47 V for the
CoO0@Co0304,@C composite anode (reaction land 2). The
pristine Co30,4 and CoO@Co050,@C composite anodes of
the first anodic process of the oxidation peak at about 2.1 V
are assigned to the oxidation of CoO (Reaction 3 and 4), and
the anodic peaks changed slightly in the second and third
cycles. Even if we applied after the 20th charge-discharge at
200 mA g, it can be seen clearly from Fig. 5b that the CV
curves of CoO@Co30,@C composite anode slightly shifted
which is related with reversible electrochemical reaction. In
contrast with this tendency, the CV curves of pristine anode
separated and peak intensity decreased due to high polariza-
tion in the cell.

Co304 + 8 Li* + 88—4Li,0 + 3 Co ( Discharge) (1)

CoO + 2Li* 4 2e—Co + Li,O ( Discharge) (2)
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Fig. 4 EDS spectrum result of cps/eV
Co0@Co030,@C composite 22 [
20
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10— 0O +
I'C Co Co
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2 [
o S —
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keV
4Li0 + 3 Co—Co304 + 8 Li" +8¢  (Charge ) (3)  evidence of lithium intercalation into CosO4, i.e., Li,Co30, or
through the conversion to Li,O and CoO (large domains and/
Co + Li0—CoO + 2 Li* +2& (Charge ) (4) or high current densities) [41], which, upon further reduction,

Figure 6a, b displays the galvanostatic discharge-charge
curves of pristine Co3;04 and CoO@Co30,@C composite
electrode for the first, second, and 10th cycles, respectively,
between 0.01 and 3.0 V at a current density of 100 mA g .
The curves of pristine Co;0,4 and CoO@Co03;0,@C compos-
ite electrode are well consistent with the CV curves. The volt-
age trends are well indicative of typical characteristics of CoO
and Co30, [40]. Two sloping voltage plateaus at ca. 1.2 and
0.8 V in the discharge profiles and the voltage plateaus at ca.
1.3 and 2.2 V in the charge profiles were ascribed to the lith-
ium insertion/extraction processes in CoO. However, it
changed to a long sloping voltage plateau at 1.2 and 0.8 V
that showed a gradual decay in the following charge/discharge
processes, indicating some irreversible reaction during the
charge/discharge processes due to the amorphous metal ox-
ides in the pristine anode. Two potential plateaus at around 1.0
and 0.5 V in the discharge curves were observed, which can be
ascribed to the reduction of Co3;0,4 to CoO and CoO to Co,
respectively. Depending on the crystallite size and surface area
of Cos0y,, and the applied current, in the early stages of the
first discharge (150 mAh gf1 or 1.5 Li/Co030y,), these show

indistinctively decompose into Co and Li,O. However, a
unique path is generally observed upon oxidation of the
nanometric composite, generally appearing to lead to the par-
tial oxidation of cobalt to form CoO, which becomes the ac-
tive material upon further cycling, instead of Co304 [42].

As shown in Fig. 6a, the discharge and charge capacities of
pristine electrode are 1052 + 5 and 586 + 5 mAh g ' in the first
cycle, respectively, indicating a coulombic efficiency of
55.7%. 1t can deliver discharge capacity of 613+5 mAh g'
in the 2nd cycle, and after the 10th cycle, the discharge capac-
ity is only 151 +5 mAh g '. The huge capacity fading ratio
between 2nd and 10th cycle was calculated as a 75.4%. The
relatively low initial coulombic efficiency may be caused by
irreversible capacity loss which may arise from the formation
of SEI film (irreversible reactions) in the first discharge [43,
44]. Irreversible capacity loss is common to most anode ma-
terials [45—47]. However, the CoO@Co3;0,@C composite
electrode has lower initial discharge and charge capacity
which are 731+5 and 472+5 mAh g, respectively, and
the coulombic efficiency is 64.5%. The reason of a lower
initial discharge and charge capacity of composite electrode
may be related with electrochemical inactive Co metal phase
in the composite. The 2nd and 10th discharge capacity of
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Fig. 5 Cyclic voltammograms a pristine Co;04 and b CoO@Co;0,@C
composite anode. Scan rate 0.1 mV s

composite electrode are 473 + 5 and 447 £ 5 mAh g ', respec-
tively. No huge capacity attenuation was observed in the pro-
cess of charging/discharging. In the same condition, the ca-
pacity fading ratio was calculated as only 5%.

To further investigate the rate capacity, two samples of pris-
tine and CoO@Co050,4@C composite as electrode are cycled at
various current densities between 100, 200, and 500 mA gfl as
shown in Fig. 7. The rate capacity is one of the most critical
issues with the lithium battery application. As shown in Fig. 7,
the capacities of both electrodes decreased monotonically as the
rate increased, while the CoO@Co3;0,@C composite electrode
exhibited a much higher capacity at a higher rate. The
CoO@Co30,@C composite anode delivered capacities up to
473 +£5,373 £5, and 158 =5 mAh gfl at high current densities
of 100, 200, and 500 mA g ' respectively, which is correspond-
ing to 93.9% (After 10th cycle), 76.4% (After 30th cycle), and
67.8% (After 50th cycle) retention of the capacity. In addition,
when the current density recovered to 100 mA g, it could
restore a relatively stable capacity of ~318 £5 mAh g .
However, the pristine Co3;04 electrode only exhibited the rate
capacities of 613 £5, 121 +£5, and 50 +£5 mAh gf1 at the 100,
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200, and 500 mA g, respectively. When the current density
returns to 100 mA g ', the pristine electrode cannot regain its
initial capacity back. Only 13% (~80 mAh g ") of its capacity
is recovered.

According to the results presented above, the significantly
improved rate capability and cycle-ability of the
CoO@Co;0,@C composite electrode may be attributed to
two main factors. First, the pristine cobalt oxide electrode suf-
fered from large initial irreversible loss, low capacity retention
upon cycling, and poor rate capability, due to the poor electron-
ic conductivity and large volume changes during repeated
lithiation/delithiation reactions [13, 48, 49]. However, due to
the fact that composite electrode contains 13.5% w/w amor-
phous carbon and cobalt metal, its electronic conductivity is
bigger than the pristine one. The amorphous carbon which is
the best economical carbon source efficiently buffers the vol-
ume change of metal oxides during charge/discharge processes
and enhances the electrical conductivity of cobalt oxide.
Second, according to the literature, solid-electrolyte interphase
is a principal factor in irreversible capacity loss during the
initial few cycles because the formation of SEI consumes Li
ions [50]. Irreversible capacity loss (ICL) occurs in many rea-
sons: nature of crystal structure, particle size [51-54], and re-
duction of solvent in the electrolyte. Thus, this process is diffi-
cult to avoid. An unstable and thick SEI layer ultimately results
in high internal resistance and low coulombic efficiency (de-
fined as the efficiency of electrons transferring in an electro-
chemical reaction, usually the ratio of lithiation capacity to de-
lithiation capacity). A low coulombic efficiency at the first
cycle is ascribed to the formation of SEI [55, 56]. For high-
performance batteries, the SEI layer should be electronically
resistive to avoid SEI thickening and ionically conductive to
reduce overvoltage [57]. The amorphous carbon may contrib-
ute to the growth of certain thickness of solid electrolid inter-
face (SEI). This is very challenging and has not been effective-
ly addressed for materials undergoing large volume changes.
Electrolyte decomposition occurs due to the low potential of
the anode and forms a passivating SEI layer on the electrode
surface during battery charging [58, 59]. The absence of stable
solid electrolyte interface (SEI) film results in a rapid capacity
fading due to continuous electrolyte decomposition [60, 61].

As a result, owing to the synergistic effect from the carbon
coating layer, it was observed that Li-storage performance of
the CoO@Co050,@C composite electrode could be enhanced
to a great extent, especially at a higher rate condition.

Conclusions

We demonstrated that a novel and green synthesis method can
be used to fabricate CoO composite anodes for LIBs.
CoO@Co05;0,@C composite electrode exhibits a higher spe-
cific capacity than pristine Co30,4 and superior cyclability. At

a current density of 200 mA g !, the CoO@Co;0,@C com-
posite anode keeps a discharge capacity of 285 +5 mAh g
and 76.4% discharge capacity retention during the 30th cycle.
At 500 mA g', composite anode still presents a discharge
capacity of 108 +5 mAh g ' and 97.4% coulombic efficiency
during the 50th cycle. The green-novel strategy is simple and
low cost and promising for mass production, and the remark-
able electrochemical performance demonstrates that the
CoO@Co50,@C composite anode has potential applications
in high-performance LIBs.
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