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Mesoporous hexagonal Co304 for high performance lithium ion batteries

Abstract

Mesoporous Co304 nanoplates were successfully prepared by the conversion of hexagonal beta-
Co(OH)(2) nanoplates. TEM, HRTEM and N-2 sorption analysis confirmed the facet crystal structure and
inner mesoporous architecture. When applied as anode materials for lithium storage in lithium ion
batteries, mesoporous Co304 nanocrystals delivered a high specific capacity. At 10 degrees C current
rate, as-prepared mesoporous Co304 nanoplates delivered a specific capacity of 1203 mAh/g at first
cycle and after 200 cycles it can still maintain a satisfied value (330 mAh/g). Fromex-situ TEM, SAED and
FESEM observation, it was found that mesoporous Co304 nanoplates were reduced to Li20 and Co
during the discharge process and re-oxidised without losing the mesoporous structure during charge
process. Even after 100 cycles, mesoporous Co304 crystals still preserved their pristine hexagonal shape
and mesoporous nanostructure.
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Mesoporous hexagonal CozO4 for high

performance lithium ion batteries

Dawei Su'?, Xiugiang Xie?, Paul Munroe®, Shixue Dou' & Guoxiu Wang?

Unstitute for Superconducting and Electronic Materials, University of Wollongong, Wollongong, NSW 2522, Australia, >Centre for
Clean Energy Technology, School of Chemistry and Forensic Science, University of Technology Sydney, Broadway, Sydney, NSW
2007, Australia, 3Electron Microscope Unit, University of New South Wales, Sydney, NSW 2052, Australia.

Mesoporous Co;0,4 nanoplates were successfully prepared by the conversion of hexagonal §-Co(OH),
nanoplates. TEM, HRTEM and N, sorption analysis confirmed the facet crystal structure and inner
mesoporous architecture. When applied as anode materials for lithium storage in lithium ion batteries,
mesoporous Co;0,4 nanocrystals delivered a high specific capacity. At 10 C current rate, as-prepared
mesoporous Co;0,4 nanoplates delivered a specific capacity of 1203 mAh/g at first cycle and after 200 cycles
it can still maintain a satisfied value (330 mAh/g). From ex-situ TEM, SAED and FESEM observation, it was
found that mesoporous Co;0,4 nanoplates were reduced to Li,O and Co during the discharge process and
re-oxidised without losing the mesoporous structure during charge process. Even after 100 cycles,
mesoporous Co;0, crystals still preserved their pristine hexagonal shape and mesoporous nanostructure.

ithium ion batteries are regarded as the most promising power sources for hybrid electric vehicles (HEVs),

plug-in hybrid electric vehicles (PHEVs), and energy storage system (ESS) in solar and wind electricity

generation'*. However, energy and power densities of current generation lithium ion batteries are limited
by cathode materials (LiCoO,) and anode materials (graphite). Transition metal oxides were proposed as high
capacity anode materials based on a “conversion” reaction, in which cobalt oxide had demonstrated an excellent
electrochemical performance for reversible lithium storage’. Since then, various nanostructured transition metal
oxides have been investigated as anode materials for lithium ion batteries. Obviously, the performance of lithium
storage not only depends on their composition but also on their structure, phase, shape, crystallinity, size, and size
distribution®. Therefore, control of size and morphology is currently a key issue and numerous studies have been
developed to prepare various morphologies Co;0,. However, metal oxide anodes usually deliver a low rate
capacity due to the slow kinetics of the conversion reaction®. Recently lots of investigation has been done on
the porous or channel structures of the advanced materials with controlled nano/microstructures due to their
outstanding properties that are superior to their bulk counterparts”®, not except for the mesoporous structure
C0304>™. The Co30, have been obtained under the help of hard (preformed mesoporous structures) tem-
plate'"'?, soft (surfactants, hydrogel matrices, block copolymers) template'® and even the biological ((bacterium,
DNA, virus particles, etc.) templates'*. However, the template-directed synthesis suffers from the disadvantages
of low yield and high cost. As an alternative, template-free solution-based synthetic methods have been used to
prepared porous nanostructures'®, in which the presence of some inorganic salts (NH,H,PO,4, Na,SO,, Na,SOs,
NH,CI, KCl) are a prerequisite. In addition, the additives and experimental parameters must be carefully selected
and controlled.

In this paper, we have employed a solid-state crystal re-construction route to control synthesis of mesoporous
Co30,4 nanoplates from the B-Co(OH), single crystal precursor. In the present strategy the mesoporous structure
is generated due to intrinsic crystal contraction, and manifests a well-controlled determinate morphology. When
applied as electrode materials, mesoporous facet Co;O, nanocrystals showed an outstanding electrochemical
performance as electrode materials in lithium ion batteries with high energy density and power density.

Results and Discussion

Structure and morphological analysis. In the first step of the synthesis, B-Co(OH), single crystal nanoplates
were prepared by a hydrothermal method using SO4>~ ions as the morphology directing agent. As identified by
field emission scanning electron microscopy (FESEM, Fig. 1), the hydrothermal reaction products consist of well-
defined nanoplates with a truncated symmetric hexagon pyramid shape. Fig. 2(a) shows the powder X-ray
diffraction pattern (XRD) of the B-Co(OH), precursor and final Cos;O, product. For the precursor
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Figure 1| FESEM images of the as-prepared B-Co(OH), nanoplates, (a)
low magnification, and (b) high magnification. The inset of (b) is the
corresponding simulated model of f-Co(OH), nanoplates.

B-Co(OH),, all diffraction peaks can be fully indexed to the
hexagonal symmetry with the space group of PM1 (JCPDS: 30-
0443). The XRD pattern of the final Co30, product exhibits a well-
crystalline phase (JCPDS: 65-3103) without any impurity phase,
indicating the complete conversion of the precursor. The N,
sorption isotherm of Co;0, is shown in Fig. 2(b). The hysteresis
feature of Co;0, sample can be classified as typical-IV isotherm
with an HI1-type loop, revealing the mesoporous property of
Co30, product®. The pore size distribution curve with only one
sharp peak is shown as inset in Fig. 2(b), indicating as-prepared
Co30,4 has a monomodal pore size distribution with a mean size of
10.89 nm (calculated by the Barrett-Joyner-Halenda (BJH) method).
The specific area and total pore volume were determined to be
189.9 m*/g and 1.22 cm’/g, respectively.

The B-Co(OH), nanoplates were further characterised by trans-
mission electron microscopy (TEM) and selected area electron dif-
fraction (SAED) as shown in Fig. 3. It can be seen that they are thin
enough to be transparent under the electron beam and display a
regular hexagonal shape (Fig. 3 (a)). The lattice resolved HRTEM
image presented in Fig. 3(b) illustrates the interplanar distances of
the (010) and (120) crystal planes (2.75 Aand 132 A, respectively)
and an interfacial angle of 150°. The (110) and (110) crystal planes
with lattice spacing of 2.75 A and 1.6 A, respectively, which are
perpendicular each other, also can be seen in Fig. 3(b). The SAED
pattern taken from this crystal (inset in Fig. 3(b)) can be well indexed
along [001] zone axis of hexagonal B-Co(OH),, indicating the single
crystal feature of as-prepared B-Co(OH), nanocrystals. The clear
lattice fringes of (010) and (110) crystal planes with a 120° interfacial
angle taken from another particle can be observed in Fig. 3(c). Its
corresponding SAED pattern also can be indexed along [001] zone
axis, confirming as-prepared B-Co(OH), nanocrystals are mainly
exposed with {001} crystal planes. According to the symmetries of
B-Co(OH),, the two hexagon surfaces are the {001} facets and the
twelve isosceles trapezoidal surfaces are the {200} and {220} facets.
The percentage of the dominant exposed {001} facets to the total
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Figure 2 | (a) XRD patterns of the precursor B-Co(OH), and final product
Co030,. (b) N, isotherms of mesoporous Co;O,4 nanoplates. The insets
show the BJH adsorption pore size distribution plot (top left) and BJH
desorption pore size distribution plot (bottom right).

surface area has been calculated to be 78% (see the calculation in
Support Information).

The B-Co(OH), precursor nanoplates were completely converted
to Co30, crystals after annealed at 400°C for 4 h. FESEM observa-
tions show that the hexagonal plate shape of $-Co(OH), has been
preserved after sintering (Fig. S1, SI). However, the surfaces of Co304
crystals become much rougher, suggesting the generation of porous
structure. The formation process of facet B-Co(OH), nanocrystals
and porous facet Co;O,4 nanocrystals is illustrated in Fig. 4. The first
growth step is a nucleation-dissolution and recrystallization pro-
cess'®. With the increase of reaction temperature, Co*" ions begin
to react with OH™ and form Co(OH), nanocrystals, during which
some small metastable block-like precursor crystals were formed
immediately due to their intrinsic lamellar structure". The previous
study has shown that sulphate ions are most strongly adsorbed to
faces perpendicular to the c-axis of the hexagonal crystal system
through bridging-bidentate adsorption, leading to the retarded
growth along the c-axis and the formation of the facet crystals'.
Therefore, sulphate ions have a morphology-directing effect in the
growth of B-Co(OH), nanoplates. In the second step, B-Co(OH),
nanoplates decomposed to water and Co;0, nanocrystals during the
sintering treatment. As a result, pores were generated inside and
mesoporous structure was formed.

| 4:6519 | DOI: 10.1038/srep06519
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Figure 3 | (a) Low magnification TEM image of B-Co(OH), nanoplates. (b) HRTEM image of a B-Co(OH), single crystal. The inset is the corresponding
SAED. (c) Lattice resolved HRTEM image of B-Co(OH), crystal. (d) SAED of the crystal shown in (c).

The morphology and crystal structure of the mesoporous facet
Co3;0,4 nanocrystals were characterised by TEM and HRTEM
(Fig. 5). Fig. 5(a) shows a low magnification TEM image, from which
we can see that Co;0, nanoplates have porous architecture with a
size of approximately 200 nm. The inset in Fig. 5(a) shows the side
view of Co30,4 nanocrystals, indicating the thickness of Co;0, nano-
plates of about 40-50 nm. Fig. 5(b) shows a typical free-standing
Co;0, nanoplate TEM image. The SAED spot patterns (inset of
Fig. 5 (b)) taken from this nanocrystal can be indexed along [112]
zone axis of spinel Co;0,, implying the single crystalline feature of

(a)

Facet B-Co(OH),

(b)

Mesoporous facet Co,0,

(d)

Figure 4 | Schematic illustration for the formation of p-Co(OH),
nanoplates and mesoporous CosO,4 nanoplates.

as-prepared Co;O, crystals. Fig. 5(c) shows a high magnification
TEM image of mesoporous Co3;0y facet crystal, in which the nano-
porous nature was illustrated. The Co;0, single crystals contain
inner nanosize pores, which form an integrated porous nano-archi-
tecture. The average pore size was determined to be about 10 nm.
Fig. 5(d) shows the basal plane of another mesoporous Co;0y, single
crystal which was rotated flatly, vertical to the electron beam. The
SAED patterns (Fig. 5 (e)) were performed on this nanoplate along
[111] zone axis, indicating the major exposed crystal plane of
obtained CosO, nanoplates is {111}. A lattice resolved HRTEM
image showing different crystal planes was recorded by Fig. 5(f), in
which we can observe the (111) crystal plane with 4.66 A d-spacing,
(220) crystal plane with 2.85 A d-spacing (perpendicular to (111)), as
well as (311) crystal plane with the smallest d-spacing of 2.43 A,
which is at an angle of 31.5° and 58.5° to the (220) and (111) crystal
planes, respectively.

Formation mechanism. The single crystalline of mesoporous Co;0,
nanoplates preserved from precursor $-Co(OH), could be resulted
from the low mismatch between f-Co(OH), (001) crystal plane and
Co30, (112) crystal plane. When the B-Co(OH), nanoplates were re-
crystallised and oxidised to Cos0y, the crystal mismatch was strictly
controlled within a small range, which is highly favourable for the
monocrystallisation process". As shown in Fig. 3, the B-Co(OH),
nanoplates with the dominant {001} exposed crystal planes have
crystal planes of (100), (110), and (010) crystal planes, with the
lattice spacings of 2.75 A, which are very close to the (022), (202),
and (220) crystal planes (d-spacings are all 2.8 A) in Cos0,. The
crystal mismatch has been calculated to be less than 2% between
{001} of B-Co(OH), and {111} of Co3;0,. Therefore, the single
crystalline and facet features were maintained after the conversion
from B-Co(OH), to Co3;0,. The formation of pores in Co;O4
nanoplates originated from matter loss due to thermal decompo-
sition. Compared to the conventional template route®, the solid-
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Figure 5 | (a) Low magnification TEM image of mesoporous Co30, crystals. The inset shows the side view of the facet crystals. (b) High
magnification TEM image of a Co;0,4 nanoplate. The inset is the SAED pattern along the [112] zone axis. (c) HRTEM image of a Co;0,4 nanoplate,
illustrating the mesoporous architecture. (d) Flatly standing Co;O,4 nanoplate. (e) The SAED patterns taken from (d). (f) Lattice resolved TEM image of
Co30; crystal, from which the lattice spacings of (111), (220) and (311) planes were determined.

state crystal re-construction approach is much more facile and can
obtain uniform and robust mesoporous crystals.

Electrochemical performance. The electrochemical properties of
mesoporous Co;O,4 nanoplates for lithium storage were evaluated
by cyclic voltammetry (CV) and galvanostatic charge/discharge
testing. The CV curves were shown in Fig. S2 (SI), in which the
cathodic and anodic peaks are located at 1.1 V and 2.1 V vs. Li/
Li*, respectively. The CV measurement clearly illustrates the rever-
sible lithium storage in mesoporous Co3O, nanoplates. Fig. 6 shows
charge/discharge profiles of mesoporous Co;O4 nanoplates at low

current rate (0.05 C). In the first cycle, the electrode delivered a high
lithium storage capacity of 2235 mAh/g. It maintained a high
reversible capacity from the second cycle and achieved a capacity
of 1115 mAh/g in the 100™ cycle. It is much higher than the
theoretical value (890 mAh/g). The large excess capacity can be
ascribed to the decomposition of the electrolyte together with
conversion reaction to form an irreversible solid electrolyte inter
phase (SEI) layer and further lithium storage via the reversible
interfacial charging at metal/Li,O interface at slope region of lower
voltage'*"*. In addition, the high surface area in mesoporous Co;0,
nanoplates is favorable to the enhanced efficiency of electrolyte

| 4:6519 | DOI: 10.1038/srep06519
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Figure 6| (a) Charge/discharge profiles of mesoporous Co;O,4 nanoplates
at 0.05 C current rate. (b) Cycling performance of mesoporous Co30,
nanoplates at 0.05 C current rate. The inset of (b) is the corresponding
Colombic efficiency.

diffusion and Li ion transport. The uniform pore size distribution at
nanoscale and thin Co;0, networks can also contribute to the
electrolyte diffusion and serve as the “sponge” to absorb the extra
Li ions.

It needs to be noticed that as-prepared mesoporous Co3O, nano-
plates demonstrated a good high rate performance. Fig. 7(a) shows
the charge and discharge profiles in the 1*, 2", 10", 50" and 100™
cycles at 1 C current rate. In the first cycle, the electrode delivered a
capacity of 1456 mAh/g. From the second cycle, the electrode main-
tained high reversibility. The cycling performance of mesoporous
Co;0, nanoplates at 1 C is presented in Fig. 7(b). After 100 cycles,
the electrode still retained a capacity of 689 mAh/g. The correspond-
ing Coulombic efficiency is shown as the inset in Fig. 7(b). It can be
seen that after the initial cycle, the efficiency almost reaches 95%.
Even at the 10 C rate, the electrode still delivered a specific capacity
of 1203 mAh/g at first cycle as shown in Fig. 7(c). And after 200
cycles, it can still maintain at satisfied value (330 mAh/g). These high
rate capacities are higher than the previously reported Co;0, mate-
rials with a variety of morphologies**~**. Charge/discharge tests were
also performed at other current rates. The results are shown in Fig. S3
(SI), which also demonstrates an excellent rate performance.
Fig. 7(d) shows the cycling performance of the mesoporous facet
Co30,4 nanocrystal electrode at varied current rates. It should be

noted that as long as the current rate reverses back low current rate,
the cell capacity can almost recover to the original value, indicating
the integrity of the electrode has been maintained even after experi-
encing high rate charge and discharge. This result clearly demon-
strates that mesoporous Co;O, nanoplates are tolerant to varied
charge and discharge current rates, which is well deserved for high
power applications.

Moreover, we compared the electrochemical performance of as-
prepared mesoporous hexagonal Co;O, nanoplates with the meso-
porous Co;0, syntheized by SBA-15 hard template methode (as
shown by Fig. 4, SI). It can be seen that the mesoporous hexagonal
Co;30,4 nanoplates exhibited much better electrochemical perform-
ance than the mesoporous Co;O, prepared by the SBA-15 hard
template method. Although the SBA-15 mesoporous Co;04 dem-
onstrate the mesoporous structure, it features non-competitive capa-
city and cyclability under the same testing conditions. Therefore,
good electrochemical performance should not only originate from
the mesporous architecture, but also should be ascribed to the unique
exposed crystal planes. The mesoporous hexagonal Co;O, nano-
plates presents a highly active surface due to the predominantly
exposed (111) crystal planes®, which have a large density of low-
coordinated atoms situated on steps and kinks, with high reactivity.
This favours fast lithium ion transfer between the surface and the
interior”?®.

In order to investigate the lithium-driven structural and morpho-
logical changes, we studied as-prepared mesoporous Co;O, nano-
plates electrodes at fully discharged (reduced) and charged
(oxidized) states after the 1% cycle and 100 cycles at 0.1 C rate
(~89 mA/g current density). We examined the selected-area elec-
tron diffraction (SAED) pattern and bright-field images of the sam-
ples (as shown in Fig. 8). When Co;0, is fully reduced by lithiation,
the bright-field image (Fig. 8 a) shows that the overall shape of the
starting particle has been preserved. The Co3;0, crystals were
reduced by lithium to metallic particles, which are dispersed in a
lithia (Li,O) matrix®. The corresponding SAED ring patterns show
the presence of Li,O. The (200), (220) and (311) crystal planes of
Li,O can be well indexed (as shown in Fig. 8 b). The high resolution
TEM (HRTEM) image (Fig. 8 ¢) reveals the formation of the SEI layer
on the surface of the particle.

When the electrode is fully charged during the initial cycle, the
bright-field image (Fig. 8 d) and the SAED pattern (Fig. 8 e) show
different results. The particle has a relatively clear appearance. The
mesoporous structure can be readily identified. Taking SAED from
the particle, interestingly, we obtained the spot patterns, suggesting
the single crystalline feature of the fully charged electrode material.
The spot patterns can be well indexed along [111] zone axis of Co;O.,
which shows the crystalline feature of the Co;0,. A lattice resolved
HRTEM image (Fig. 8 f) shows the (220) and (022) crystal planes
with the lattice spacing of 2.8 A and 120° angle, which further con-
firms the well-crystalline of the particle. Mesoporous structure can
also be clearly observed. As deduced from the SAED, the first charge
process involves in the oxidization of Co to Co30, and mesoporous
facet Co30, crystals are recovered. This indicates a reversible process
during the lithiation and de-lithiation of the Co;0, electrode.

Recently, J.-M tarascon et al. have identified a special mechanism
for reversible lithium storage in mesoporous metal oxides (MO),
which differs from bulk materials®>. Mesoporous MO reacts with
Li through a conversion reaction, leading to the formation of large
metallic M nanoparticles (10 nm) embedded into a Li,O matrix,
together with a copious amount of polymeric materials coming from
electrolyte degradation. The polymeric materials surround the part-
icles and fill the pores. Different from bulk MO electrodes, the poly-
meric layer will be preserved at the end of charge process via capillary
effects due to the mesoporosity architecture. As-prepared mesopor-
ous Co3;0, crystals match this newly discovered mechanism. And
our recently published paper on the mesoporous NiO also showed
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Figure 7 | (a) Discharge and charge profiles of mesoporous Co;O,4 nanoplates at 1 C current rate. (b) Cycling performance of mesoporous Co3O4
nanoplatesat 1 C current rate. (c) Discharge capacity vs. cycle number of mesoporous Co;O,4 nanoplates at 10 C current rate. (d) The rate performance of
mesoporous Co3;O, crystals at varied current rates. The insets of (b) and (c) show the corresponding Coulombic efficiency.

this phenomenon: the mesoporous structure has been preserved dur-
ing discharge and charge processes and the exposed {110} facets were
restored during charging process™.

Fig. 8 g, h,and i show TEM images and SAED of the Co;0, crystals
at the fully charged state after 100 cycles. It can be seen that the shape
of Co3;0, nanoplates has been changed. The SAED shows the spot
pattern, which can be indexed along [111] zone axis, which illustrates
the single crystalline feature of the Co;0, after 100 cycles. From the
HRTEM image (Fig. 8 i), we can easily indentify the (220) crystal
plane. Fig. S5 (SI) present the FESEM images of the mesoporous
Co30,4 nanoplates electrode at charged and discharged states, which
further identified the SEI layer formed on the fully discharged Co;04
particles in the initial cycle (Fig. S5 (a), SI). When the electrode is
fully charged, the Co30, particles recovered back the original shape
and the mesoporous structure is clearly visible (Fig. S5 (b), SI). After
100 cycles, although the Co3;0, crystals are covered by the irrevers-
ible products, the original hexagonal shape is still maintained (Fig. S5
(), SI). The ex-situ TEM, SAED and FESEM analysis clearly demon-
strated that as-prepared mesoporous Co;O, crystals can endure
long-time cycling and maintain the mesoporous crystal structure.

Conclusion
Mesoporous Co;O4 nanoplates were synthesised by the conversion
of hexagonal B-Co(OH), nanoplates. TEM, HRTEM and N, sorp-

tion analysis confirmed the facet crystal structure and inner meso-
porous architecture. When applied as anode materials for lithium
storage in lithium ion batteries, mesoporous Co;O4 nanoplates deliv-
ered a high specific capacity and a good cyclability due to the pre-
dominantly exposed {111} reactive facets, uniform pore size
distribution at nanoscale and thin nanoplate architecture. The reac-
tion mechanism of facet mesoporous Co;0, crystals was analysed by
ex-situ TEM, SAED and FESEM observation. It was found that as-
prepared mesoporous Co;O, crystals were reduced to Li,O and Co
during the discharge process and re-oxidised to Co30, crystals with-
out losing the crystallity and mesoporous structure. Even after 100
cycles, mesoporous Co;0, crystals still preserved their pristine hexa-
gonal shape and mesoporous nanostructure.

Experimental Section

Materials preparation. The B-Co(OH), single crystal precursors
were synthesized by a hydrothermal method. In a typical synthesis
process, 2.60 g (0.02 mol) CoCl, (Sigma-Aldrich, =97%) was
dissolved in 10 ml distilled water. Then 10 ml 6 M NaOH (Sigma-
Aldrich, =98%) solution was added under vigorous stirring. After a
pink transparent solution was formed, 85.20 mg (0.6 mmol) Na,SO,
(Sigma-Aldrich, =98%) was added into the solution. The mixture
was then transferred into a Teflon-lined autoclave and heated at
120°C for 48 hours in an air-flow electric oven. After cooling to
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Figure 8 | Ex-situ TEM images and SAED patterns of Co;0, electrodes taken from the fully discharged (a-c) and fully charged (d-f) states in the first
cycle, and after 100 cycles (g-i). (a), (d), and (g) show individual mesoporous crystals at different states of the reduction and oxidation processes. (b), (e),
and (h) are the corresponding SAED patterns. (c), (), and (i) are the lattice resolved TEM images at various states of the reduction and oxidation

processes.

room temperature, the pink product was collected by centrifugation
and washed thoroughly with distilled water several times. The B-
Co(OH), precursors were obtained after drying for 12 h at 60°C in
the vacuum oven. The final mesoporous Co;O, nanocrystals were
prepared by annealing B-Co(OH), at 400°C for 4 h in air with a
heating rate of 2°C/min. As a comparison, mesoporous Co;O, was
synthesized using SBA-15 SiO, as hard template.

Materials characterization. The phase of the precursor and final
Co30,4 nanocrystals were characterised by X-ray diffraction (XRD,
Siemens D5000) using a Cu Ko radiation with 20 ranging from 20° to
90° at a scanning step of 0.02°/sec. The morphologies were analysed
by high resolution field emission scanning electron microscopes
(FESEM, Zeiss Supra 55VP). The crystal structures were further
characterised by transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM, JEOL
JEM-2011). Selected area electron diffraction (SAED) patterns were
recorded by a Gatan CCD camera in a digital format. N, adsorption—
desorption isotherms were obtained using a Quadrasorb SI analyzer
at 77 K. Brunauer—-Emmett-Teller (BET) surface area was calculated
using experimental points at a relative pressure of P/Py = 0.05-0.25.
The pore size distribution was calculated by the Barret-Joyner—
Halenda (BJH) method.

Electrochemical property measurement. The electrodes were prepared
by dispersing the as-prepared Co;O, nanocrystals (70 wt%), acety-
lene carbon black (20 wt%), and poly (vinylidene fluoride) binder
(PVDF, 10 wt%) in N-methyl-2-pyrrolidone (NMP) solvent to
form a slurry. The resultant slurry was pasted onto copper foil and
dried at 100°C for 12 h under vacuum conditions, followed by

pressing at 200 kg/cm?. Electrochemical measurements were carried
out using two-electrode coin cells with lithium metal as the counter
electrode. The lithium metal also works as the reference electrode and
the potentials in this work refer to Li/Li*. The CR2032-type coin cells
were assembled in an argon-filled glove box (UniLab, Mbraun,
Germany). The electrolyte solution was 1 M LiPFg dissolved in a
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) with a volume ratio of 1:1. Cyclic voltammetry (CV) was
carried out on a CHI 660C electrochemistry workstation with a
scan rate of 0.1 mV/s from 0.01 to 3.0 V in a two-electrode system.
The charge-discharge measurements were performed at ambient
temperature at different current densities in the voltage range from
0.01 to 3.0 V.

To investigate the lithium-driven structural and morphological
changes of as-prepared Co;0,-based electrodes at various stages of
the reduction and oxidation processes, the electrodes were prepared
by casting the mixture of as-prepared Co;0,4 nanocrystals (80 wt.%)
and poly (vinylidene fluoride) binder (PVDF, 20 wt.%) in N-methyl-
2-pyrrolidone (NMP) solvent only, without acetylene carbon black.
A Swagelok type battery was used to test. The cells were charged and
discharged to the required voltage and opened in an argon filled
glove-box. The electrodes were washed with dimethyl carbonate
(DMC) before being placed onto a copper grid mounted on our
TEM sample holder.
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