IEESAPPLIED MATERIALS

INTERFACES

www.acsami.org

Three-Dimensional Layer-by-Layer Anode Structure Based on Co;0,
Nanoplates Strongly Tied by Capillary-like Multiwall Carbon
Nanotubes for Use in High-Performance Lithium-lon Batteries

Tae Il Lee, Jong-Pil ]egal,T’§ Ji-Hyeon Park,® Won Jin Choi,* Jeong-O Lee,™ Kwang-Bum Kim, **

and Jae-Min Myoung™

iCollege of BioNano Technology, Gachon University, Gyeonggi 461-701, Korea

§Department of Materials Science and Engineering Yonsei University , 134 Shinchon-dong, Seodaemoon-gu, Seoul, Korea
L Advanced Materials Division, Korea Research Institute of Chemical Technology (KRICT), Daejeon 305-343, Korea

© Supporting Information

ABSTRACT: A layer-by-layer (LBL) structure composed of Co;0, nanoplates and
capillary-like three-dimensional (3D) multiwall carbon nanotube (MWCNT) nets was
developed as an anode with simultaneous high-rate and long-term cycling performance
in a lithium-ion battery. As the current density was increased to S0 A g ', the LBL e}
structure exhibited excellent long-term cycling and rate performance. Thus, the Co;0,
nanoplates were in good electrical contact with the capillary-like 3D MWCNT nets
under mechanically severe strain during long-term, high-rate cyclic operation.
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he charge and discharge rates in a given electrochemical
cell depend on how fast the redox reaction progresses.
Unless the lithium ions between the electrolyte and the redox
sites and the electrons between the redox sites and the
collecting electrode are rapidly transported, high-rate perform-
ance cannot be obtained.' > Meanwhile, the long-term cycling
stability relies on the mechanical stress—strain, which are
generated by the volume expansion and contraction of the
anode material and are relieved during the redox cycle, where
the anode material electrochemically reacts with lithium ions.
Maintaining an electrical connection between the anode-active
material and the conducting material is thus the key to ensuring
long-term cycling performance.*~¢
The development of an anode with both high-rate and long-
term cycling characteristics is highly desirable for lithium-ion
battery technology. However, no effective methods for
imparting both of these characteristics to an anode material
currently exist.”®
To design an anode configuration with these two key
properties, we here introduce a strategy in which various
nanomaterial layers and multistacking layers are used to
construct a layer-by-layer (LBL) structure. In this structure,
capillary-like three-dimensional (3D) multiwall carbon nano-
tube (MWCNT) nets provide electrically perfect addressing on
and mechanically strong wrapping of each anode-active
nanomaterial against its large volume expansion during redox
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cycle. Especially, the producing cost of MWCNT is cheaper
than that of the other conductor materials such as reduced
graphene oxide or single wall CNT so that it can easily be
commercialized. We experimentally demonstrate the capability
of this strategy using cobalt oxide (Co;0,) nanoplates as
anode-active nanomaterials.” "

Figure la shows the process for constructing the 3D LBL
structure consisting of multistacked layers of porous Co;0,
nanoplates that are perfectly addressed and strongly wrapped
by capillary-like MWCNT nets. The layers of MWCNT nets
and a-Co(OH), nanoplates were both prepared on a deionized
water surface using our previously reported method"* (Videos
S1 and S2 in the Supporting Information). Three layers were
sequentially transferred to copper foil, as shown in Figure 1b, c.
After a-Co(OH), was transformed into Co;O, and residual
water molecules were eliminated through thermal annealing at
300 °C for 2 h in air, the anode was completed, as shown in
Figure 1d. High-resolution transmission electron microscopy
(TEM) images of a-Co(OH), nanoplates and Co;0, nano-
plates are shown in Figure SI in the Supporting Information.
During the thermal annealing, the single-crystalline a-Co(OH),
nanoplates were converted into porous and polycrystalline
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Figure 1. (a) Schematic of the sequential process used to construct the 3D LBL structures consisting of Co;0, nanoplates and capillary-like 3D
MWCNT nets. (b) Scooping a 2D MWCNT net floating on water onto a Cu foil. (c) Transferring a layer a-Co(OH), nanoplate floating on water
onto Cu foil. (d) Change in color of the Cu foil after the LBL structure is transferred and annealed.
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Figure 2. (a) Top-view SEM image of a 2D MWCNT net. (b) Top-view SEM image of a layer of a-Co(OH),. (c) XRD spectra before and after
thermal annealing of a layer of @-Co(OH), on a glass substrate. (d) Top-view SEM image of a layer of a-Co(OH), on a 2D MWCNT net during
stacking of the LBL structure. (e) Top-view SEM image of a 2D MWCNT net on a layer of a-Co(OH), during stacking of the LBL structure. (f)

TEM image of a Co;0, nanoplate wrapped by 2D MWCNT nets.

Co;0, nanoplates. The change in chemical composition of the
a-Co(OH), nanoplates by thermal annealing was investigated
using scanning electron microscopy (SEM) energy-dispersive
X-ray spectroscopy (EDS), as shown in Figure S2 in the
Supporting Information. Initially, the EDS signals from chloride
atoms, which originate from the precursor (cobalt chloride
hexahydrate), were detected from the a-Co(OH), nanoplates;
however, no EDS signals of chloride atoms were observed from
the Co;0, nanoplates.

As shown in Figure 2a, the pore size of a two-dimensional
(2D) MWCNT film was approximately several hundred
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nanometers and the film was shaped like a continuous
fishing-net-like layer. This nanoporous net structure provides
an electrically conductive and mechanically strong frame for use
as a high-performance anode. Hexagonal a-Co(OH), nano-
plates wrapped by the MWCNT net were placed on a substrate
with c-axis orientation in a brucite structure to form the film
shown in Figure 2b. The presence of the nanoplates before and
after thermal annealing was confirmed through X-ray diffraction
(XRD) analysis, as shown in Figure 2c.

During construction of a unit of the LBL structure, the a-
Co(OH), nanoplates were placed on a MWCNT net, as shown
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Figure 3. (a) Discharge profiles of the triple LBL structures at a current density of 0.1 A g™ for the first S cycles. (b) Discharge profiles of the triple
LBL structures at current densities from 0.1 to 50 A g™". (c) Differential discharge capacity of the triple LBL structure at current densities from 0.1 to
50 A g~'. (d) Capacity retention at different current densities of the triple LBL structure and control electrode fabricated using the conventional

slurry method from Co;0,4 nanoparticles, carbon black, and a binder.

in Figure 2d, such that the bottom sides of all of the nanoplates
were electrically addressable by the MWOCNT net. Next,
another MWCNT net was placed on the nanoplates, as shown
in Figure 2e. As a result, the nanoplates are perfectly enveloped
by MWCNT nets and the top and bottom MWCNT nets
tighten with each other through the gaps between the a-
Co(OH), nanoplates. By repeated stacking in this manner, a
3D LBL structure was produced, where the MWCNT nets
enveloped the surface of each a-Co(OH), nanoplate, as shown
in Figure 2f. To evaluate the performance of the 3D LBL
structure as a Li-ion battery anode, we constructed three sets of
MWCNT net/a-Co(OH), nanoplates on Cu foil.

Figure 3a shows the discharge profiles of the LBL structure at
a current density of 0.1 A g™ for the first S cycles. The first
discharge curve exhibits two different behaviors: a sloping
discharge at the beginning and a potential plateau in the
middle. This surface effect, which has been reported for
numerous nanostructured materials, results in a sloping
potential profile that can be applied to the LBL structure
because the Co;0, nanoplates in the LBL structure are
approximately 10 nm thick.'">'® The potential plateau is
accompanied by the full conversion reaction of Co;0, and
the formation of a solid-electrolyte interface (SEI)."” Reductive
dissociation of the salts or additives is used to construct the ion-
conductive coating layer (i.e., the SEI) on the surface of the
anode. This reaction continuously and irreversibly consumes Li
ions as the fresh surface is exposed. The discharge capacity of
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the LBL structure at the first cycle is approximately 1550 mAh
g~! on the basis of the weight of the total electrode composed
of the Co;0, nanoplates and the MWCNT nets; this capacity is
much greater than the theoretical capacity of Co;0,. This
greater-than-theoretical capacity may be caused by the
formation of the SEI and the subsequently storage of Li* ions
in the interface. Guo et al. reported that extra Li* ions can be
stored on the ionic-conducting side of the interface by an
interfacial Li storage mechanism and this mechanism is
enhanced in nanosized materials because of their extremely
large interface areas.'* The subsequent 4 cycles show sloping
discharge profiles with almost identical discharge capacities of
approximately 1155 mAh g™/, irrespective of the cycle number.
Again, this discharge capacity was higher than the theoretical
capacity, possibly because of an interfacial Li storage
mechanism in the nanosized electrode materials.'®'® The
stable cycle properties of the LBL structure demonstrate perfect
electrical addressing to the Co;O, nanoplates, despite repeated
volume expansion and extraction during the conversion
reaction. This perfect electrical addressing was possible because
the Co;0, nanoplates were strongly wrapped by the capillary-
like MWCNT nets. CNTs have been reported to act as elastic
bodies to external mechanical forces,”® which, would allow
them to provide structural integrity to the LBL structure during
the repeated volume changes of the Co;0, nanoplates. The
sloping discharge profile is due to amorphization of the Co;0,
during the conversion reaction in the first cycle.”"** In contrast
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to the LBL structure, the control electrode, which was
fabricated using the conventional slurry method from Co;0,
nanoparticles, carbon black, and a binder, exhibited continuous
capacity fade during cycling (see Figure S3 in the Supporting
Information). This capacity fade indicates that the electrical
contact between the Co;0, nanoparticles and the carbon black
gradually decreased because of the large volume change of the
Co;0, nanoparticles during repeated cycling.

At increasing current densities, this LBL structure exhibited
excellent rate performance up to a current density of 50 Ag'~,
as shown in Figure 3b. Its discharge capacity at current densities
up to 1 A ¢! changed only slightly, and it retained capacities
greater than 1000 mAh g™ at current densities up to S A g
Moreover, it sustained a discharge capacity of approximately
710 mAh g' at a current density as high as S0 A g~'. To the
best of our knowledge, this material exhibits better rate
performance than any Co;0,-based anode material reported in
the literature. This excellent rate performance is attributed to
the full addressing of the Co;0, nanoplates with the capillary-
like highly conductive MWCNT nets and the short travel
length of electrons and Li* ions through the thin c-axis of the
Co;0, nanoplates. In addition, Li* ions in the bulk electrolyte
can be immediately supplied to the electroactive sites (i.e., the
surface of the Co;0, nanoplates), as the MWCNT nets act as
electrolyte reservoirs because of their 3D porous nature.

To better explain the excellent rate performance of the LBL
structure, we plotted the differential capacities in Figure 3c.
Two broad peaks are present in the 1.5-1.0 V and 1.0-0.5 V
ranges, regardless of the current density. The first peak is
ascribed to the intercalation of Li* ions into the Co;0, to form
an intermediate Li,Co;0, phase. The second peak is ascribed
to the full reduction of the intermediate phase to Co metal.”!
Notably, an intermediate Li,Co;O, phase is always formed
upon reduction of Co;0, to metallic Co.”*** Also notable is
the observation that the peaks associated with intercalation shift
in the negative direction with little change in intensity, whereas
the intensity of the conversion-reaction peaks gradually
decreases and the peaks shift in the negative direction with
increasing current density. These behaviors indicate that the
capacity loss at high rates is mainly due to the slow kinetics of
the conversion reaction, which accompanies a phase trans-
formation. Meanwhile, little capacity is lost by the formation of
the intermediate Li,Co;0, phase via the intercalation of Li
ions, even at very high current densities. Because the
intermediate phase is more stable under high current densities,
it can sustain high capacities at high rates.”® The peak in the
differential capacity is clearly separated between the inter-
calation and conversion reactions because of the full electronic
and ionic addressing of the Co;O, nanoplates with the
capillary-like highly conductive 3D porous MWCNT nets.

Figure 3d shows the long-term cycling performance of the
LBL structure at various current densities. The control
electrode exhibited a drastic decrease in capacity. Even at low
current densities, it could not sustain its capacity when the
current density exceeded 2 A g™'. In contrast, the LBL structure
could sustain high discharge capacities at current densities as
high as S0 A g™'. Its capacity was fully recovered when the
current density was returned to 2 A g~ '. This behavior
demonstrates that the Co;O, nanoplates were in good contact
with the conductive MWCNT nets during repeated cycling
because they were sandwiched between the MWCNT nets. To
support the structural sustainability of the LBL structure, we
observed its microstructure after 100 cycles. The hexagonal
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shapes of the Co;0, nanoplates were preserved, and each
nanoplate was stably addressed within the MWCNTs (see
Figure S4a, b in the Supporting Information).

In conclusion, we introduced a design strategy for a Li-ion
battery anode that provides both high-rate performance and
long-term cycling performance. This strategy involves an LBL
structure formed by sequential multistacking of 2D MWCNT
nets and anode-active nanomaterial layers. These structures are
rapidly produced by dropping an alcohol containing each
nanomaterial onto pure water. After the stacking is complete,
the LBL structure has a frame consisting of capillary-like 3D
MWCNT nets that provide perfect electrical addressing and
mechanically strong wrapping of the anode-active nanomateri-
als. The LBL structures were fabricated using Co;O, nanoplates
as an anode-active material, and their performance was
demonstrated. As the current density was increased to 50 A
g~!, the LBL structure exhibited excellent long-term cycling and
rate performance. Little change was observed in the discharge
capacity up to a current density of 1 A g™', and a capacity
greater than 1000 mAh g~ was retained at current densities as
high as 5§ A g~'. Moreover, at a current density as high as S0 A
g~', the discharge capacity was sustained at approximately 710
mAh g~'. The capacity was then fully recovered when the
current density was returned to 2 A g~' after 7S cycles. This
performance demonstrates that the Co;O,4 nanoplates were in
good electrical contact with the 3D MWCNT nets despite the
mechanically severe strain during long-term, high-rate cycling
operation because they were tightly bound to the electrically
conductive 3D MWCNT nets. Although Co;0, nanoplates
were used as an example of a volume-expanding anode material
in Li-ion batteries to verify the viability of our strategy, we
believe that electrically conductive and mechanically strong
frames based on capillary-like 3D MWCNT nets can prevent
other anode nanomaterials, such as Si, Fe,O3;, MnO, and SnO,
from deteriorating because of huge volume changes during
redox processes.
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