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Abstract

Here, we report reactive DC-sputter deposited Co304 thin films as a promising and stable Li-ion battery anode. Thin films were
deposited on stainless steel by reactive sputtering of cobalt target in O, atmosphere. X-ray diffraction and X-ray photo electron
spectroscopy confirm the formation of Co;0; crystal structure and absence of other impurities. The electron microscopy analysis
shows a columnar growth morphology of the thin films while high resolution images reveal that the film is composed of ultra-
small nanoparticles of average size of 5 nm. Fabricated half cells upon cycling between 3.0 and 0.01 V exhibit a stable capacity of
1125 mAh/g at a current density of 1 A/g for 100 cycles. Moreover, the electrode exhibited excellent rate capability and stability
at higher rates; at current density of 10 A/g, a capacity close to 1000 mAh/g was observed. The excellent cycling stability of the
cell was further confirmed by cycling at a high rate of 25 A/g (28 C) wherein the same was able to retain a capacity of 330 mAh/g
even at the end of 1800 cycles. This enhanced performance could be related to the formation of 5-nm primary particles and
columnar growth morphology, capable of reducing the lithium ion diffusion lengths and thus offered better kinetics even at high

rates.
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Introduction

Owing to the capability to deliver higher specific capacities,
transition metal oxides have attracted significant interest as
lithium ion battery anodes [1, 2]. It is important to note that
such transition metal oxides are useful in several energy ap-
plications including solar cells [3], supercapacitors [4], and
batteries [5]. Among all, cobalt oxide particularly in cubic
Co050, phase has attracted much interest due to its high theo-
retical capacity (890 mAh/g) and ease of synthesis [6].
Although transition metal oxides have higher theoretical ca-
pacities, they suffer from disadvantages including large initial
irreversible capacity and poor cycling stability [7, 8].
However, there are several reports on improved first cycle
coulombic efficiency to about 70% but at low current densities
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(50 or 100 mA/g) [9-12]. Similarly, compositing nanostruc-
tured Cos0,4 with different carbon nanostructures during or
post growth have also shown better rate performance
[13—15]. Typically, Co30,4 nanostructures have reported to
exhibit high specific capacity in the range of 500 to
1000 mAh/g at 1 C rate [16, 17].

Reducing electrode dimension to nanoscale is believed to
be an effective approach in improving the aforementioned
issues. Conventional method for electrode fabrication in-
volves utilization of additives such as conductive carbon and
binders [18]. However, these additives act as inactive mass
and affect the efficient Li-ion diffusion pathways. Compared
to conventional slurry casting technique, electrode films fab-
ricated as thin films via sputter deposition have several advan-
tages including higher energy density (additive-free, high
packing density) and good electrical contact among particles
and also with the current collector (adhesion) [19]. DC reac-
tive sputtered thin film of cobalt oxide for Li-ion battery ap-
plications has never been reported, and it is important to in-
vestigate its applicability. Here, we report additive free, Co304
thin films as a promising anode for Li-ion batteries. As-
obtained films were found to be smooth and uniform,
consisting of particles of average particle size of 5 nm. Cells
under galvanostatic cycling showed high specific capacity,
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rate capability, and long cycling stability. At low rates (1 A/g),
the electrode exhibited about 1125 mAh/g specific capacity
and long cycling stability of about 1800 cycles at 25 A/g
(equal to 28 C rate) delivering almost 300 mAh/g at the end.

Experimental section

All the films were deposited on stainless steel (SS316) foil
which were cleaned prior to deposition. Cobalt metal target
(4 in. dia, 99.99%, purchased from KJ Lesker, USA) was used
for reactive sputtering with 100% O, as the atmosphere for
deposition. The DC-chamber was pumped down to 1 X
107® mbar before every deposition, and the target was pre-
sputtered for 5 min with argon gas to remove oxide layer on
the, and the shutter remained closed throughout the pre-
sputtering to prevent deposition on the loaded substrate. For
cobalt oxide thin film deposition by reactive sputtering, ultra-
high purity oxygen gas flow of 80 SCCM was bled in to the
chamber. The sputtering power density was maintained at
1.24 W/em? for 30 min. The film was deposited on a stainless
steel substrate over 25 cm® area while before and after depo-
sition, weight was recorded to obtain the active weight of the
film per cm?. Thin-film X-ray diffraction (Rigaku Ultimate IV,
Japan) was recorded on the as-deposited film using 26 w
geometry with continuous scan mode from 10 to 70° to un-
derstand the structural aspects, and X-ray photoelectron spec-
troscopy (Kratos Axis Ultra, UK) was recorded to study the
surface chemistry. In order to obtain transmission electron
microscopic (TEM) and high-resolution TEM images
(TECHNAI G2, FEI, Germany), along with selected area elec-
tron diffraction (SAED) pattern carried out on the thin film
that was prepared by scratch removing as dry powder on a
copper grid by a sharp razor blade. The electrochemical cells
were assembled in an Ar-filled glove box (MBraun, Germany)
that is maintained with oxygen and moisture content below
1 ppm. One molar LiPFg dissolved in EC:DMC (ethylene
carbonate and dimethyl carbonate) (1:1) was employed as
electrolyte and lithium metal as counter electrode. Films de-
posited on SS-foil were used as such either as 2032 coin cells
or as half-inch diameter Swagelok cells. The assembled cells
were cycled in the potential window 3.0 V and 0.01 V.
Galvanostatic cycling was done at different rates and long
cycling stability was tested at 25 A/g.

Results and discussion

Figure 1 shows the thin-film XRD pattern of the deposited
Co050, thin film. The peak observed at 44.7 corresponds to
(400) plane of Co;04 (JCPDS card number: 043e1003). The
sharp peaks at 26 values of 43.6° and 50.7° correspond to
stainless steel which is the substrate used for deposition.
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Fig. 1 XRD pattern of as-deposited thin film of Co;04
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TEM image displayed in Fig. 2a with rod-like features indi-
cates a columnar growth morphology of the thin film. High-
resolution transmission electron microscope (HRTEM) image
shows that the thin film is composed of crystalline, uniform
particles of average size of about 5 nm with lattice fringes of
0.48 nm spacing indicating (111) planes of Co3;04 spinel
structure. Selected area electron diffraction (SAED) was fur-
ther performed to study the crystal structure and shows dif-
fused rings which could be due to the small grain size of
particles. Rings indexed in the image (Fig. 2¢) further con-
firms the spinel structure of Co30y, and the (400) ring is ob-
served to be brighter than other indexed rings complementing
the XRD results of (400) oriented grains. Several TEM/
HRTEM images are presented in Fig. S3 to show the colum-
nar growth morphology and the particle size uniformity in
different regions. Under the same deposition conditions, a
TEM grid was directly placed in the deposition chamber
(but for only 2-min deposition) for comparison (Fig. S4).
The results of deposition on the grid also show ultra-small
nanoparticles of about 5 nm in size which possibly indicates
that the particle size is substrate independent while the colum-
nar growth is substrate and/or thickness dependent.

Figure 3 shows the XPS profiles (survey and high-
resolution spectra) of the as-deposited Co3;0,4 thin film.
Spectrum was calibrated using C 1 s peak at 284.6 eV. The
survey scan (Fig. 3a) shows occurrence of peaks correspond-
ing to only oxygen, cobalt, and carbon. Absence of signals
from any other elements indicates the as-deposited thin film is
pure cobalt oxide. Figure 3b shows the Co 2p high resolution
spectrum exhibiting two major peaks at binding energies of
795.15 eV and 780.1 eV with a spin orbital spitting of 15 eV
further confirms formation of Co30,. Fig. S1 shows the high -
XPS spectrum of both C 1 s and O 1 s wherein the presence C-
C minor peaks of C-O and C=0 were present, and Co30y4
was confirmed by the presence of a O~ peak at 529.8 eV
which corresponds to the cobalt-oxygen bond. An additional
peak is observed at 531.4 eV which represent the oxygen
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Fig. 2 a TEM of Co;0, thin film low magnification image showing columnar growth. b HRTEM showing individual particles of average size of about
5 nm. ¢ SAED pattern of spinel Co;0, thin film showing distinct rings

species in surface-adsorbed hydroxyl ions [20]. Figure 3c
shows the peak fitting for the high-resolution XPS Co 2ps,,
part of the spectrum in which Co** dominates the surface due
to hydroxyl group adsorption from the atmosphere.

The first five cyclic voltammograms (CV) were investigat-
ed over a voltage range 0f0.01-3.0 Vat a scan rate of 0.1 mV/
s (Fig. S2). First cycle shows two distinct reduction peaks at
1.42 V and 0.96 V, which corresponds to the reduction of
Co0304 to CoO and then to Co [21]. Two oxidation peaks are
observed at 2.03 Vand 1.03 V corresponding to the reversible
conversion of Co to CoO and then to Co3;04. As reported
previously, from the second cycle onwards, an occurrence of
an additional reduction peak is observed at 0.7 V [22]. After
CoO is reduced to Co°, it is embedded within the Li,O as
nanograins. This process is seen to dominate as the cycle
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number increases. We believe that an improvement in cell
capacity observed at higher rates as cycle number progresses
is due to this process. There is a slight shift in the two oxida-
tion peak shifts to 2.1 Vand 1.04 V in the subsequent cycles
and then stabilizes. The CV profile from second cycle on-
wards shows the excellent reversibility of the nanostructure.
First cycle charge/discharge profiles of the cobalt oxide
film cycled at a rate of 1.0 A/g are shown in Fig. 4a. The
profile is in good agreement with the first cycle of CV profile.
Discharge capacity of 1700 mAh/g and charge capacity of
1200 mAh/g were recorded with about 70% coulombic effi-
ciency. The first-cycle discharge capacity is higher than the
theoretical capacity (890 mAh g ') similar to the previous
reports on Co30,4 anodes [23, 24]. Such high capacity beyond
the theoretical value is typically observed for conversion type

Fig. 3 a XPS spectra of as
deposited thin film of Co304
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Fig. 4 a First cycle charge-discharge profiles of the Co30, thin film at 1 A/g. b Rate capability of Coz0y4 thin film. ¢ Cycling at 1 A/g for 100 cycles

anodes which is attributed to interfacial storage and the for-
mation of reversible gel-like solid-electrolyte interface (SEI)
layer [25, 26]. As presented before, our thin film consists of
particles of average size of 5 nm which is possibly an ideal
size range to overcome the stress due to volume expansion
during lithiation/delithiation reactions. The thin film also ex-
hibits excellent rate capability as observed from cycling at
different rates (Fig. 6b) ranging from 0.5 A/g, 1.0 A/g,
2.5A/g,5.0 A/g, 10 A/g and back to 0.5 A/g for 5 cycles each.
At higher rates (10 A/g), the cells retained a capacity close to
1000 mAh/g, and the cell regains the lost capacity when cy-
cled back at 0.5 A/g. The specific capacity increases rapidly
with subsequent cycles showing the stability of the nanostruc-
tured thin films. More than the absolute capacity values, the
capacity retention of about 80% at 10 A/g compared to the
capacity value obtained at 0.5 A/g is appreciable.

Figure 4c represents the long cycling performance of Co3O4
thin film at 1 A/g current rate. The irreversibility (~30%) is
only observed in the first cycle and quickly improves in the
subsequent cycles. Specifically, from the second cycle onwards,
cell improve the coulombic efficiency and maintains > 99% in
the subsequent cycles. The cell retains a capacity of 1125 mAh/
g even at end of 100 cycles when cycled at the same rate
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pointing the excellent cycle stability of the fabricated cells.
Figure 5 displays a comparison of rate-dependent specific ca-
pacities exhibited by several CozO4 nanostructures reported in
the literature [16, 17, 21, 27-32] with the present work. It clear-
ly shows that the Co304 thin films exhibit high specific capac-
ity even at high rates of above 10 C.
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Fig.5 Comparison of rate performance of Co;O,4 nanostructures reported
in the literature with the present work
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Fig. 6 Long cycling of the Co3;04
thin film at 25 A/g (rate
equivalent to 28 C)
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@ 28C rate (25 A/g)

To extend its high rate capability, Fig. 6 shows the long
cycling plot of the thin-film electrode up to 1800 cycles at a
high current density of 25 A/g (equivalent to 28 C). The ca-
pacity is seen to decrease during the initial cycling which may
be due to the higher current density leading to huge polariza-
tion and poor utilization of the material. Capacity was ob-
served close to 200 mAh/g during the initial cycles but later
it regains to around 330 mAh/g capacity and maintains the
same till the end of 1800 cycles. The coulombic efficiency
of the cells remained at 99% throughout the cycling. Such
high rate capabilities (25 A/g is equivalent to 28 C) are hardly
reported for Co;04 nanostructures confirming the potential of
reactive sputtering process for commercial applications. The
columnar growth morphology and ultra-small nanoparticles
are potentially responsible for the impressive performance.
The Co304 thin films deposited at room temperature
exhibiting high specific capacity and long cycling at high rates
would be useful for solid-state Li-ion battery applications.
However, the first cycle irreversibility needs to be investigated
to improve the electrode performances further.

Conclusions

In summary, we reported room temperature DC-reactive sput-
ter deposited Co;0, thin films as a stable and high rate capable
anode material for Li-ion battery applications. XRD and
TEM/SAED analysis confirm the crystal structure to be cubic
Co504, and XPS analysis further validate absence of any im-
purity. Electrochemical studies were performed utilizing the
as-deposited thin films as electrodes in half cell configuration.
The electrode demonstrated excellent long cycling perfor-
mances and high rate capability. This performance emerges
from columnar growth morphology and 5-nm particles
interlinked that is capable of shortening the diffusion length
and thus enhanced the kinetics. The electrode even demon-
strated high rate (28 C) and long cycling performances
(1800 cycles). The first cycle irreversibility is still an issue
and needs to be further investigated. However, the fact that
the electrodes retain a high capacity after 100 cycles makes

300 600 900 1200 1500 1800
Cycle Number

this a promising anode and can be utilized as a candidate for
solid state battery applications.
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