Template-Free Synthesis of Hollow-
Structured Co3;0,4 Nanoparticles
as High-Performance Anodes
for Lithium-Ion Batteries

Deli Wang,*"* Yingchao Yu,* Huan He," Jie Wang,” Weidong Zhou,* and Hector D. Abruna*-*

tSchool of Chemistry and Chemical Engineering, Key Laboratory for Large-Format Battery Materials and System, Ministry of Education, Huazhong
University of Science & Technology, Wuhan, 430074, People's Republic of China and *Department of Chemistry and Chemical Biology, Corell University,

[thaca, New York 14853, United States

ABSTRACT We have developed a template-free procedure to
synthesize C030, hollow-structured nanoparticles on a Vulcan XC-72
carbon support. The material was synthesized via an impregnation—
reduction method followed by air oxidation. In contrast to spherical
particles, the hollow-structured (030, nanoparticles exhibited
excellent lithium storage capacity, rate capability, and cycling
stability when used as the anode material in lithium-ion batteries.
Electrochemical testing showed that the hollow-structured Co30,
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partides delivered a stable reversible capacity of about 880 mAh/g (near the theoretical capacity of 890 mAh/g) at a current density of 50 mA/g after

50 cycles. The superior electrochemical performance is attributed to its unique hollow structure, which combines nano- and microscale properties that facilitate

electron transfer and enhance structural robustness.
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ransition metal oxides (TMOs) have

attracted great attention as anode

materials to replace the currently
used graphite, in order for lithium-ion bat-
teries (LIBs) to achieve higher energy and
power densities.' > The attractive electro-
chemical performance of TMOs in LIBs is
based on a conversion reaction mechanism,
which is different from the conventional
Li* intercalation/deintercalation processes.>*
Among these, cobalt oxide (Cos0,) is one
of the most widely studied materials due to
its high theoretical capacity (890 mAh/g) and
stable electrochemical performance during
LIB operation. More interestingly, depend-
ing on the growth conditions, the shape
and size of Co30,4 can be tuned. Numerous
examples can be found in the literature on
the synthesis of CoO, materials with novel
structures, including nanotubes,® nano-
rods,® nanocubes,” nanowires,® nano-
sheets,? hollow-structured nanoparticles,”~ '
and hierarchically nanostructured nano-
particles.”>~1?
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To date, the search for suitable candi-
dates as anode materials in LIBs to replace
graphite requires a strategic material struc-
ture design, which still relies on finding an
appropriate morphology that can fulfill the
following criteria: (a) fast Li*™ transport; (b)
sufficient space for potential volume expan-
sion; (c) mechanical robustness; and (d) high
surface-to-volume ratio. Hollow-structured
nanomaterials have gained much attention
in many aspects of electrochemistry such
as fuel cells,?°~2* supercapacitors,>>%® and
LIBs.'"1%1627.28 Tha enhanced electrochem-
ical performance of hollow-structured
nanomaterials is attributed at least in part
to their high surface area and surface to
volume ratio. It has been reported that the
voids inside hollow nanoparticles can not
only provide more space to accommodate
volume changes during charge/discharge
but also shorten the Li" diffusion distance,
which leads to smaller overpotentials and
faster reaction kinetics at the electrode sur-
face.?’?° The most commonly used method
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for synthesizing hollow nanoparticles is the template-
assisted method. This involves the coating of the
desired materials onto sacrificial templates, followed
by selective removal of the templates.3*~> Another
method is to use electrophoretic deposition to directly
create hollow Cos0, particles on a current collector.'®
However, most of these approaches involve com-
plex synthetic strategies, which are costly and time-
consuming. Moreover, the yield is often on the scale
of milligrams to grams, limiting their application for
large-scale production for LIBs.

Here, we describe a one-pot, two-step method to
synthesize hollow Cos0,4 nanoparticles dispersed on
aVulcan XC-72 carbon support. The hollowed structure
was verified by high-angle annular dark field and
bright field scanning transmission electron microscopy
(HAADF- and BF-STEM) imaging. Electrochemical test-
ing indicates the hollow-structured Co3z0, nanoparti-
cles exhibited excellent lithium storage capacity, rate
capability, and cycling stability compared with special
Co30,4 nanoparticles when used as the anode material
in lithium-ion batteries. The synthesis was accom-
plished via an all-solid-state method, producing the
active materials on a carbon support in one pot on a
lab bench and can potentially be scalable to large
quantities for industrial production.

RESULTS AND DISCUSSION

An impregnation—reduction method?¢~3# (CoCl, —
Co) was employed followed by an air-oxidation proce-
dure (Co — Co30,). As illustrated in Figure 1, the CoCl,
precursor was first dispersed on the Vulcan XC-72
carbon support and then reduced under flowing H,
in a tube furnace at 300 °C. After cooling to room tem-
perature under a N, atmosphere, the metallic cobalt
nanoparticles supported on carbon (Co/C) were col-
lected. The as-prepared Co/C nanoparticles were then
heat-treated in a tube furnace under open air ata ramp
rate of 1 °C/min up to 400 °C for 10 h to form hollow-
structured Cos0,4 nanoparticles (see more details in the
experimental section of the Supporting Information).
The voids were created during air heating, as a result
of the Kirkendall effect:> the diffusion rates of cations
and anions are not the same in the nanoparticle.
A recent work has investigated, in detail, the hollowing
mechanism of a similar system,*® attributing it to
the different diffusion rates of Co and O via a two-step
mechanism. A similar hollowing phenomenon can
also be observed in the Fe system.*' An optimal heat-
treatment temperature was chosen based on thermo-
gravimetric analysis (TGA) of the Co/C in air (Figure ST,
Supporting Information). X-ray diffraction (XRD) shows
(Figure 1) a phase transformation from pure metallic
Co to the spinel cobalt oxide phase (Cos04). The dif-
fraction peaks at 20 = 41.7°, 44.5°, and 47.5° can be
indexed to the (100), (002), and (101) planes, respec-
tively, corresponding to the hexagonal phase of Co
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Figure 1. Schematic illustration of the synthesis procedure
of Co/C and hollow structured Co30,4/C nanoparticles and
the XRD patterns of Co/C and Co30,/C.

(JCPDS: 05-0727).**** The XRD patterns of metallic
Co show a dramatic transition after heat treatment
under open air. The diffraction peaks at 26 = 31.3°,
36.9°,44.9° 59.4°, and 65.4° are indexed to (220), (311),
(400), (511), and (440) planes, respectively, matching
with that of the cubic spinel Co;0, (JCPDS: 42-1467).*4%
These results demonstrate the complete conversion of
CoCl, to metallic Co and then to Co30,.

To understand the microstructure of the as-synthesized
hollow Co50,/C material, we performed high-angle an-
nular dark field and bright field scanning transmission
electron microscopy (HAADF- and BF-STEM) imaging,
shown in Figures 2a,b. Typical nanoparticles had diam-
eters ranging from 50 to 100 nm, with nanoparticle
pore sizes ranging from 10 to 50 nm. All of the Co30,
nanoparticles exhibited a hollow structure with a rough
surface, in contrast to the metallic cobalt nanoparticles,
which all showed a nonhollow structure (Figure S2,
Supporting Information). A detailed view of one hollow
nanoparticle is presented in Figure 2c,d, with an oval-
shaped pore shown clearly at the center, surrounded
by multiple small vacancies. We suspect that this 50 nm
nanoparticle was formed by the coarsening of several
smaller nanoparticles, each less than 10 nm in size
(Figures 2c). On one hand, this large pore fraction greatly
increases the surface-to-volume ratio, enabling more
active material to participate in the electrochemical
reaction. On the other hand, the interconnected
structure should provide pathways for the diffusion of
Li*, facilitating charge transfer. The energy-dispersive
X-ray (EDX) line profile (Figure 2e) shows that both
the Co and O signals decrease in the middle in the
void as expected. The EDX map in Figure 2f—h show
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that the Co to O ratios are uniform across the particles,
as expected for a single phase. Such a combination
of pores and vacancies is desirable for superior elec-
trochemical performance, since it not only shortens
the diffusion distance for Li* and electrons but also

60 9 120
Distance / nm

Figure 2. Microstructure analysis of the as-prepared hollow
Co30,/C. (a, b) HAADF and BF STEM of the overview images.
(c, d) HAADF and BF STEM of a detailed nanoparticle, along
with (e) EDX line profile of Co (red) and O (green), showing
the decrease of intensity of concentration in the middle.
(f, g) EDX mapping of Co and O, respectively, and (h) overlay
showing the homogeneous distribution of Co and O.
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mitigates the volume expansion and the stresses dur-
ing charge/discharge.

The electrochemical performance of the hollow
Co30,4/C was performed in 2032 coin cells with Li foil
as the counter electrode. Figure 3a shows a typical
discharge—charge profile of the hollow-structured
Co30,4 nanoparticles with a cutoff voltage of +0.05 V
vs Li at a current density of 50 mA/g. To accurately
establish the capacity from only the active material
Co30, and exclude the contribution from the carbon
support material Vulcan XC-72, we measured the load-
ing of Co30,4 on a carbon support via TGA (Figure S3,
Supporting Information), and from the weight loss
of the carbon support, we determined 55% Cos0,
loading by weight. In addition, we calculated the
capacity as a result of the addition of Vulcan XC-72,
shown as the green plot in Figure 3c. Using the follow-
ing equation, we can determine the capacity derived
only from Co30,.

_ Quotar — Cc X mc
Ceoso, = — 7

M
Mco,0,
where Ceo0, is the mass specific capacity of Co3z04
(the unknown), Qoo is the measured coulomb charge,
Mco,0, is the mass of Co3z04 (obtained from TGA,
Supporting Information Figure S3), Cc is the mass
specific capacity of the carbon support (obtained via
a control experiment, Figure 3¢, the capacity of pure
Vulcan XC-72), and m. is the mass of Vulcan XC72
(total material mass minus the mass of Cos0,). Equation 1
is robust when there is a carbon additive involved
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Figure 3. Electrochemical performance of hollow Cos0,/C. (a) Charge and discharge profiles of the first and second cycles.
(b) Cyclic voltammetry of the first five cycles. (c) Comparison of discharge capacity of hollow-structured Co30,/C, special
Co30,4/C, and Vulcan XC-72. (d) Discharge capacity at various current densities. Note 50 mA/g is about 0.05C (1C is about
890 mA/g). The inset in (d) shows the cyclability and corresponding Coulombic efficiency of hollow-structured Co30,/C
at a current of 100 mA/g.
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(for example, carbon black). As a comparison, without
the correction of carbon support, we would report
a stabilized capacity of 1140 mAh/g, which is about
250 mAh/g higher than its theoretical capacity. We
thus believe that the capacity correction is necessary
for anode material mixed with carbon upon being
discharged to lower voltage.

The voltage capacity profile in Figure 3a shows
a discharge plateau at about +1.1 V (vs Li) for the
first cycle and about +1.2 V for the second cycle, with
a high initial capacity of 1107 mAh/g, which dropped
to 880 mAh/g after the second cycle. The irreversible
capacity loss is frequently attributed to the decom-
position of electrolytes and the formation of a solid—
electrolyte interface (SEl) on the surface of the electrode
materials*®*” or an irreversible conversion process.
Figure 3b shows cyclic voltammograms (CVs) of electro-
des made from the hollow Cos0, nanoparticles in a
coin cell at a scan rate of 0.05 mV/s. The first cathodic
scan exhibits an irreversible reduction peak at around
+0.88 V, in good agreement with the irreversible capa-
city loss in Figure 3a. After the first scan, the cathodic
peak shifts to about +1.2 V and a corresponding anodic
peak to about +2.1 V. Few changes were observed
from the second cycle to the fifth cycle, indicating good
cycling stability. At a relatively low current density
of 50 mA/g (1C is about 890 mA/g), the reversible
capacity of the hollow-structured Co30, nanoparticles
was around 880 mAh/g (Figure 3c), which is very close to
the theoretical capacity of 890 mAh/g. Such capacity is
much higher than that of spherical Cos04 nanoparticles
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Figure 4. Nyquist plots of different electrode materials. (a) Comparison of electrochemical impedance of hollow-structured
Co30,/C, special Co30,/C, and Vulcan XC-72. (b) EIS of the Co30,/C electrode after 15 cycles. (c, d) Bode plots of the

corresponding EIS spectra.
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(about 450 mAh/g after 50 cycles, Figure 3c). Com-
pared to a Li-intercalated Vulcan XC72 carbon support
(Figure 3c), the hollow Co30,4 exhibited about 3 times
higher capacity. Reversible capacities of 850, 750,
600, and 450 mAh/g are observed after increasing the
discharge/charge current density to 100, 500, 1000, and
2000 mA/g, respectively (Figure 3d). Notably, after 50
cycles at varied current densities, the capacity could be
restored to 880 mAh/g when the current density was
reset to 50 mA/g. Furthermore, when the current density
was increased to 100 mA/g, the discharge capacity can
still be stabilized at about 770 mAh/g after 100 cycles,
as shown in the inset of Figure 3d. The first cycle
Coulombic efficiency of hollow Co30,/C is about 80%,
then quickly increased to around 90% for the second
cycle and stabilized at a value of 98.5% after several
cycles as shown in the inset of Figure 3d. These data
demonstrate that the hollow Cos0,4 could be a promis-
ing candidate for anode material for LIBs.
Electrochemical impedance spectroscopy (EIS) was
used to further explore the reason for the observed
good cycling stability of hollow Co30,/C materials
and to analyze electrode kinetics of the different cells.
Figure 4 compares the Nyquist plots and correspond-
ing Bode plots of three fresh coin cells using Vulcan
XC-72 carbon (C), spherical Co30,/C, and hollow-
structured Cos0,/C as electrode materials, respectively.
The measurements were carried out over the frequency
range from 100 kHz to 0.01 Hz at the open-circuit
potential. For the fresh cells (Figure 4a), all three EIS
curves for the fresh cells consist of a depressed semicircle
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in high- and medium-frequency regions (R.;) followed
by an inclined line in low-frequency regions. (For an
equivalent circuit model and the fitted impedance
parameters see the Supporting Information Figure S4.)
It can be seen clearly that the diameter of the semi-
circle for the hollow-structured Cos0,/C electrode (R =
385.8Q2) is much smaller than the spherical Co;0,/C one
(Ret=511.1Q), indicating the hollow-structured Co30,/C
electrode exhibited better charge transfer performance
and excellent conductivity. Figure 4b presents the EIS
curves of the electrodes after 15 cycles. Obviously, after
cycling, a small arc appeared in the media-frequency
region except for the semicircle in the high-frequency
region. It is reported that the semicircle in the high-
frequency region is related to the SEl passivation film on
the surface (R9 and the arc at media-frequency is related
to the charge transfer at the interface (Ry).*® The di-
ameter of the semicircle for the hollow-structured
Co30,4/Celectrode decreased (R = 56.2) compared with
the fresh cell, indicating the charge transfer resistance
decreased apparently after 15 cycles. At the same time,
the R, of the spherical Co30/C electrode is about 86.52,
which is also much bigger than that of the hollow-
structured Cos0,/C electrode. The SEl film resistance
(R) of the hollow-structured and spherical Coz04/C
electrode is 126.9Q2 and 320.8€2, respectively. The low-
frequency tail in the Nyquist curve represents the
Warburg impedance, which reflects the solid-state diffu-
sion of Li ions in the bulk anode materials.***° It can be
seen clearly that before cycling the slope angles of Vulcan
XC-72 and both of the hollow-structured special Co30,/C
are closer to 90° indicating the capacitive behavior
of the materials. After 15 cycles, the slope angles for
both samples are closer to 45°. However, the similar
slope angle does not mean they have similar Li* transfer
kinetics in the electrode materials. For the hollow-
structured Cos0,/C electrode, the appearance of Li ions
in solid-state diffusion at much higher frequency (13.5 Hz)
than that of a spherical Co30,/C electrode (0.1 Hz)
indicates much faster charge transfer and Liion migration
through the surface film on the hollow-structured Cos0,/
C electrode, resulting in better cycle stability and rate
capability.

The structural stability of the hollow structures was
verified by disassembling the coin cell and imaging
the Co30,/C structure after 50 cycles at 50 mA/g.
Figure 4a—c show the HAADF-STEM images of several

METHODS

Material Synthesis. The hollow Co30,/C material was synthe-
sized via an impregnation—reduction method followed by an air-
oxidation procedure. Namely, 1.61 g of CoCl, - 6H,0 was dissolved
in ultrapure water, with 0.6 g of Vulcan XC72 added to the solution,
which was ultrasonicated for 30 min to achieve homogeneity. A
thick carbon slurry was obtained by repeated concentration using
heat stirring and dissipation using sonication. After incubating for
about 12 h under a vacuum oven at 60 °C, the dried sample was

WANG ET AL.

Figure 5. Microstructure of Co30,/C after 50 cycles at a rate
of 50 mA/g. (a—c) HAADF-STEM images of several nanopar-
ticles. (d—f) EDX mapping of Co and O and its overlay.

aged composite nanoparticles. It can be seen clearly
that the hollow structure was maintained even
after intensive battery operation. The EDX mapping
(Figure 5d—f) also confirms that Co and O still were
homogeneously distributed within the nanoparticle.
We attribute the stable performance during Li" inter-
calation and deintercalation of hollow Co30,4/C to its
robust structure.

CONCLUSIONS

In conclusion, a method of preparing hollow
Co30,/C nanoparticles has been developed by a very
simple two-step solid-state synthesis process. During
LIBs testing, the hollow Cos0, exhibited excellent
discharge capacity and durable performance when
compared to nonhollow structures, likely due to the
void spaces inside the particles (Figure 3c). Due to the
nature of solid-state synthesis, this method represents
a simple and cost-effective way for manufacturing
hollow TMO nanoparticles and thus represents a prom-
ising future in large-scale LIB materials production.
Further studies are ongoing to establish the rela-
tionship between the air flow rate and nanoparticle
size distribution, the correlation between heating tem-
perature and battery performance, the role of different
transition metal precursors, and others. By optimi-
zing these parameters, we believe that this facile
synthetic method can be useful for large-scale LIB
anode manufacture.

ground, placed in a ceramic heating boat, and transferred to a
tube furnace. Under forming gas (about 5% hydrogen in nitrogen)
flow, CoCl,/C is reduced to Co/C at 300 °C for 5 h. The Co/C
nanoparticles with 40 wt % of Co metal were then obtained by
cooling the precursor to room temperature under a nitrogen
atmosphere. The Co/C nanoparticles were placed into the tube
furnace again and heated to 400 °C with a heating rate of 1 °C/min
in air atmosphere. The nanoparticles were incubated at 400 °C for
10 h to obtain mesoporous Co3z0,4 on the carbon support.
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Material Characterization. Powder X-ray diffraction was per-
formed by using an X'Pert PRO diffractometer, and diffraction
patterns were collected at a scanning rate of 5°/min and with
a step of 0.02°. Electron microscopy imaging was carried
out using a Schottky-field-emission-gun Tecnai F20 scanning
transmission electron microscope (STEM) operated at 200 keV.
Ahigh-angle annular dark field detector provided an incoherent
projection image of the specimen with a signal intensity
proportional to the amount of material and its atomic number,
which is also known as Z-contrast. The energy-dispersive X-ray
analysis was performed using an Oxford Instrument, at a beam
current of about 1 nA. An EDX resolution of 1—5 nm is routinely
achieved with this setup. The material was stable under pro-
longed exposure to the electron beam (about 10—20 min),
which was verified by taking another image after EDX analysis.

Electrochemical Measurement. Electrochemical measurements
were carried out in CR 2032 coin cells assembled in an argon-
filled glovebox with lithium metal as the anode. The anodes
consisted of 90 wt % active materials and 10 wt % poly-
tetrafluoroethylene (PTFE) as a binder, which were rolled into a
thin film. After drying under vacuum at 40 °C, the film was cut into
circular electrodes with an area of 0.71 cm? The cut film was
pressed onto nickel foam as one electrode. The counter electrode
was Li metal. The two electrodes were separated by a polymeric
material (Celgard 2320). The electrolyte was 1.0 M LiPFg in a 1:1
ratio of EC (ethylene carbonate) to DEC (diethylene carbonate).
Galvanostatic charge/discharge of the coin cells were carried out
at room temperature using an Arbin battery testing system with
a constant discharge/charge current density varying from 0.05 to
2 A/g and a voltage range of +0.05 to +3.0 V at room tempera-
ture. Cyclic voltammetry testing of the cells was performed on a
Solartron electrochemistry workstation at a scan rate of 0.05 mV/s.
All the capacities were normalized to the mass of the Cos0, in the
active material. To exclude the capacity of Vulcan XC-72 in the
measurement, a control experiment with only Vulcan XC-72 was
carried out, and the actual capacity from Co30, is calculated
based on the following equation.

Ceoos = Qtotal — Cc X Mc )
Mco,0,

where Ce,,0, is the mass specific capacity of Co;0, (the unknown),
Qtotal is the measured coulomb charge, mco, is the mass of
Co30, (obtained from TGA, Supporting Information Figure S3), Cc
is the mass specific capacity of the carbon support (obtained via a
control experiment, Figure 3c, the capacity of pure Vulcan XC-72),
and m is the mass of Vulcan XC72 (total material mass minus the
mass of Co30y,).

Electrochemical impedance spectroscopy was measured on
the coin cell using an AutolabPG302N electrochemical work-
station. The amplitude of the ac signal applied to the electrode
is 10 mV, and the frequency range is from 100 kHz to 0.1 Hz.
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