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ABSTRACT: For the purpose of finding the catalytic active site for the oxygen reduction reaction (ORR) and the oxygen
evolution reaction (OER) in the crystal structure of Co;0,, a {100} faceted Co;0, cube enclosed by only a Co** site and a {112}
faceted Co;0, plate also exposing a Co’" site was adopted as a catalyst for lithium—oxygen (Li—O,) batteries. Thus, we found
that the Co*" site plays the crucial role of determining the adsorption properties of reactants, enabling high round-trip efficiency
and cyclic stability, as well as the morphology of discharge products such as Li,O,.

KEYWORDS: lithium—oxygen batteries, catalysts, cobalt oxides, electrochemistry, lithium peroxides

T ransition metal oxides have been widely employed in
various fields because of their intrinsic magnetic,
mechanical, optical, and electrical properties.' > For designing
tailored materials that can be applied to next-generation
devices, the above-mentioned properties have been properly
tuned by controlling their structure and size over the past few
decades.”™"* Among the various transition metal oxides, cobalt
oxides—in which the Co** and Co*" ions occupy the
tetrahedral and octahedral sites, respectively—have proven
valuable as solid-state sensors'* electrochemical energy storage
materials,"~"” magnetic materials,"*'” and catalysts.”" Specif-
ically, Co;0, catalysts have been used for the oxidation of
carbon monoxide (CO),*'™>* the decomposition of nitrous
oxides (N,0),”*° methanol (CH;OH) combustion,”” meth-
ane (CH,) combustion,”® toluene (C,Hg) combustion,”” and
so on.®* In order to maximize the catalytic activity,
nanostructured Co;O, materials have been designed and
investigated extensively. Enlarging the surface area of
catalysts,”*"° controlling the exposed catalytic active
site,”’ " and surface charge engineering’”*' can successfully
enhance catalytic activity. In particular, determining the most
advantageous exposed facet of the Co;0, nanostructure derived
from its morphology could lead to a breakthrough in its
catalytic activity owing to the density change of the active site
on the surface that enables proper bond strength with the
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reactant, resultantly promoting catalytic activity.” *>**~* Tt is

well-known that chemisorption and bond strength between the
catalytic active site and reactant determine their catalytic
efficiency based on Sabatier’s principles as well as the d-band
orbital center model.*”** For CO oxidation and CH,
combustion, the {110} and {112} facets of Co;0, nanocrystals
have higher catalytic activities than the {100} and {111} facets
because of the more abundant catalytically active Co’" sites on
the former.”" 7>**°73* This kind of validation of the active sites
of catalyst materials has accelerated the efficient design of
highly active catalysts. Therefore, the search for the most active
catalytic sites should begin with a suggestion of the most
appropriate catalyst material.”'~>*?97%

Recently, the utilization of catalysts has been extended to
lithium—oxygen (Li—O,) batteries, which have emerged as a
promising technology for electric vehicles (EVs) and energy
storage systems (ESSs) due to their high theoretical energy
density (11140 Whkg™'(;;)) comparable to gasoline engines
(13000 Wh'kg™"). However, current Li—O, batteries have
many limitations preventing their practical use, such as low
round-trip efficiency and sluggish kinetics, which are associated
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with the high thermodynamic stability of discharge prod-
ucts.”*™* To alleviate these issues, various electrocatalyst
design methods using noble metal nanoparticles, nano-
structured transition metal oxides, and metal oxyhydroxides
have been suggested to improve oxygen reduction reactions
(ORR, during dischar§e) or oxygen evolution reactions (OER,
during charging).”*~> However, the active site of the catalyst
materials governing the whole reaction is still not completely
understood.”*™*

Bruce’s group examined the catalytic activity of various
materials, such as Pt, La;gSry,MnO;, Fe,O; NiO, Fe;O,,
C0;0,, CuO, and CoFe,0,.”" In particular, Co;0, with Co?* as
well as Co®" induced a significantly reduced OER overpotential,
whereas the performance of Li—O, cells including CoFe,O,
where Co®* and Fe®* ions occupy tetrahedral and octahedral
sites revealed a relatively higher overpotential during OER,
similar to that of Fe,O;. Therefore, we can presume that the
reduced OER overpotential in Co;0, was mainly due to the
Co®" ion and its Co>*Og octahedral sites.

Based on the insight gained from these studies, we
investigated the detailed correlation between catalytic activity
and active site arrangement on the surface of catalyst materials
for Li—O, batteries. Herein, a comparison between cube- and
plate-shaped Co;0, seems to be appropriate to demonstrate
the significance of the exposed structure and related active-site
arrangement in oxide-based catalysts for Li—O, batteries. From
the previous observations, cube-shaped Co;0, exposes six
{001} planes, while plate-shaped Co;0, is generally enclosed
by two dominant {111} or {112} planes. Because the above-
mentioned planes have different Co®* concentrations, following
the order of {112} > {110} > {001}, it was possible to
determine the active catalytic sites of Co;0, by controlling its
shape and surface facet.”'~*>*°™*° Finally, we successfully
demonstrated that the catalytic activity of Co;0, is closely
related to Li,O, nucleation and that its dissociation is strongly
correlated with the surface Co®" sites, which was crucial to
enhance Li—O, battery performance with oxide catalysts.

B RESULTS AND DISCUSSION

To validate the active-site effect, different shape-controlled
Co;0, materials corresponding to the {001} terminated cube

Figure 1. (a) SEM image of Co;0, cube. (b) SEM image of Co;0,
plate.

and dominantly {112} enclosed plate were synthesized via the
hydro- and solvothermal routes (see Experimental Section in
Supporting Information). The crystal structure and morphol-
ogy of Co;0, materials were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and transmission
electron microscopy (TEM). The SEM images indicate that the
Co;0, materials were well constructed into the cube shape with
an average edge length of 300 nm and the plate shape with an
average diameter of 1 ym (Figure 1 and Figure S1). The XRD
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Figure 2. (a) TEM image of [111]-projected Co;0, cube, its (b) 18°
tilted TEM image, (c) HRTEM image, and (d) corresponding FFT
pattern. (e) TEM image of [001]-projected Co;0, cube and (f)
corresponding FFT pattern.

Figure 3. (a) SEM image, (b) TEM image (inset: SAED pattern), (c)
HRTEM image, and (d) FFT pattern of Co;0, plate.

patterns of the Co;0, crystals clearly detected the typical
diffraction peaks of spinel Co;O, phases without exception
(JCPDS no. 43-1003, space group: Fd/3m) (Figure S2). TEM
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Figure 4. (a) Surface atomic configurations in (100) plane and (112) plane of Co;0, crystal. The structure was drawn by VESTA software.*> (b) Co

2p, 3 partial spectra of Co;0, cube and Co;0, plate.
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Figure S. Initial galvanostatic discharge/charge potential profiles of
{001} faceted Co;0, cube and {112} faceted Co;0, plate.

observation, as shown in Figure 2, unequivocally proved that
our cube-shaped Co;0, crystals were typically enclosed by six
{001} planes. The hexagonal-shaped TEM image correspond-
ing to the [111] projection of cube-shaped Co;0, crystals is
displayed in Figure 2a. The 18° tilted image obtained from
Figure 2a shows that all presented Co;O, crystals had cube-
shaped morphologies (Figure 2b). Moreover, the enlarged
high-resolution TEM (HRTEM) images obtained from the
marked region in Figure 2a and its corresponding fast Fourier
transform (FFT) image supported the [111] projected cube-
shaped Co;0, crystal models by confirming their lattice fringe
and the interplanar angles between d(4,) and dyy0) as well as
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the [111] zone axis in the FFT pattern (Figures 2c and 2d).
Finally, we confirmed the [001] projected Co;0, crystal image
and corresponding FFT pattern with the [001] zone axis,
although the 500 nm-thick cube disrupted electron trans-
mission in the core region. Thus, the resulting dominant
exposed planes of Co;0, cubes were all {001} facets (Figures
2e and 2f).

The crystalline microstructure of the plate-shaped Co;0, can
be seen in the FESEM and HRTEM images shown in Figure 3a
and 3b. These images indicates that our Co;0, plates became
porous after the phase transition of Co(OH), to Co;0, by
calcination. The selected area electron diffraction (SAED)
pattern, as shown in the Figure 3b, proved that the single
crystal nature with the [11-2] zone axis was well maintained,
although there was some lattice mismatch. The surface
HRTEM image obtained from the indicated solid region in
Figure 3c obviously shows that the d spacings corresponding to
the {220} and {111} planes are 0.286 and 0.464 nm,
respectively. The 90° interplanar angle between the two
specific planes proved that the {220} lattice fringe was (2—
20) (Figure 3d). Analysis of the correlation of this atomic
arrangement and its corresponding FFT pattern clearly
demonstrated that our Co;0, plates consisted of two (11-2)
faceted basal planes and {100}, {110} enclosed side planes.

In order to distinguish the two kinds of surface facet planes
in terms of the surface geometry and exposed site, the crystal
structure model of Co;0, was illustrated in Figure 4a, which
was drawn by VESTA software.”> The (100) plane of the
Co;0, surface was enclosed by only five Co®" sites in a unit
cell, whereas the (112) plane consisted of not only four Co**
sites but also two Co™" sites. Furthermore, the exposed surface
oxidation states of Co;0, crystals were confirmed by X-ray
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Figure 6. (al, 2) SEM image of discharged electrode of {001} faceted Co;0, cube. (b1, 2) SEM image of discharged electrode of {112} faceted
Co;0, plate. (b3) TEM image of angular cone-shaped Li,O, and (b4) its corresponding SAED pattern. (c1) TEM image of {112} faceted Co;0,
plate with deposited Li,O, (c2) EDS spectra of {112} faceted Co;0, plate with deposited Li,O,, Cu signal comes from Cu grid.

photoelectron spectroscopy (XPS) even though the signals
were not only obtained from the extreme outer surfaces. The
Co 2p;,, binding energy of the (112) faceted Co;0, plate was
negatively shifted, indicating that the exposed Co ions were
more oxidized to Co®* compared to the {001} faceted Co;0,
cube (Figure 4b). Some theoretical and experimental studies
have indicated that charge control in exposed surface active-site
and/or the control of their geometry can induce a couple of
remarkable changes in catalyst properties.”'>>**™** This is
because catalytic activities highly depend on the antibonding
state and orbital occupation of catalyst, resulting in volcano-
shaped dependence based on the influence of the adsorption,
activation, and desorption features of the reactant on the
catalyst surface during ORR and OER.***’ In this regard, we
can expect that the catalytic activity of the {112} faceted Co;0,
plate would be very different from that of the {001} faceted
Co,0, cube due to the Co*" site presence on the surface. Based
on the above-mentioned work reported by Bruce’s group, Li—
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O, cells, including the {112} faceted Co;0, plate catalyst, may
have higher round-trip efficiency.”

In order to identify the actual catalytic activity of Co30,
crystals, porous cathodes including Co;0, crystals as the
catalysts were incorporated into a Swagelok-type cell. Co;0,
crystals were mixed with Ketjen black and binder (poly-
(vinylidene fluoride-hexafluoropropylene); PVdF-HFP copoly-
mer) at a weight ratio of 75:15:10, respectively, in a solvent (N-
methyl-2-pyrrolidone). Although the catalysts were included in
a 1:1 ratio with carbonaceous materials by weight ratio
generally, we had to use about twice the amount of catalyst
to maximize the catalyst effect, even though it limited
conductivity due to the semiconducting character of Co;0,
crystals. The slurry was uniformly pasted on carbon paper (gas
diffusion layer; GDL) with the loading density of about 0.35
mg/cm?. The prepared porous cathodes were dried at 120 °C
in a vacuum oven. The cell used Li metal foil as the anode, 1 M
LiCF;SO; dissolved in tetra-ethylene glycol dimethyl ether
(TEGDME) as the electrolyte, and glass fiber as the separator.
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Figure 7. Electrochemical performance of Li—O, cells using {001}
faceted Co;0, cube and {112} faceted Co;0, plate as cathode catalyst.
(a) Initial galvanostatic discharge/charge profiles, (b) cyclic behaviors
of each round-trip efficiency, and (c) discharge cycle capacity.

The cell assembly was carried out in an Ar-filled glovebox with
less than 0.1 ppm each of oxygen and moisture. The cells were
purged with O, gas (purity, 99.995%) for 10 min and closed
after the pressure reached 1.1 atm. The electrochemical
performance was then measured over the potential range of
2.0-4.5 V versus Li/Li" at a current density of 100 mA-
g(eledmde)_l in galvanostatic mode. The initial potential profiles
of the {112} faceted Co;0, plate exhibited a relatively high
capacity (9144 mAh/g) and low OER overpotential, enabling
67% round-trip efficiency to be attained, whereas the capacity
and round-trip efficiency of the {001} faceted Co;0, cube were
each 8864 mAh/g and 60% as shown in Figure S.
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The morphological structure and composition of discharge
products such as Li,O, and Li,O have been reported to be very
important in determining the round-trip efficiency of Li—O,
batteries.”> " Thus, the discharge products on the porous
cathode including the {001} faceted Co;0, cube and the {112}
faceted Co;0, plate were examined by SEM and TEM analyses.
After the discharge process, the SEM images in Figures 6al and
6a2 indicated that the discharge product preferred growing on
the Ketjen black than the Co**-site-terminated Co;0, cube
catalyst. The product was minimally attached also on part of the
Co;0, cube, which may be attributed the relatively high surface
energy of the edge. On the other hand, the surface of the
Co30, plate was perfectly encapsulated by the discharge
product, having an unprecedented angular cone shape (Figure
6b1). The SEM image in Figure 6b2 indicated that the single
angular cone-shaped discharge product consisted of small rod-
like parts. To investigate the crystal structure and composition,
the discharge products were analyzed by TEM, as shown in
Figure 6b3 and 6b4. The SAED ring pattern obtained from the
region of the individual angular cone-shaped discharge product
was identical to those of the hexagonal Li,O, phase. Moreover,
the energy dispersive spectroscopy (EDS) data and TEM image
in Figure 6¢ proved that the angular cone-shaped Li,O, was
better attached onto the (112) plane of Co;O, than the
sidewall. Thus, we can conclude that the nucleation sites like
Co®" and high surface energy atomic steps are meaningful
features when materials were adopted as catalyst for Li—O,
batteries. In order to find clear evidence for those of
phenomenon, we also prepared a {111} faceted Co;0,
octahedron, which has a lower Co®" concentration, albeit
greater than the plate and cube, respectively, with the smallest
BET surface area among the three samples. As a result, the
catalytic activities are deeply attributed to the Co’*
concentration than surface area (Figure S3).

In this regard, we experimentally proved for the first time
that the surface configuration of a catalyst can significantly
control the morphology of Li,O, like epitaxial growth in the
vapor—liquid-solution interface. In addition, it is worthy of
noting that the phenomenon was mainly due to the Co’" site
presence on the (112) plane. Therefore, we speculate that the
Li adatom may initially bind to the oxygen of Co’*Oy, yielding
a Co**O4—Li" bond, which is quite similar to the Co™"/Co°
redox couple reaction of the Co;O, anode for lithium ion
batteries. To improve the redox reaction rate in Li ion batteries,
the morphological control dominating the surface atomic
configuration has also been conducted, and it thus brought high
capacity and rate capability.”"> On the basis of the correlation
between this viewpoint and the reduction potential, we can
easily understand why the discharge products preferred growing
on the Co™ site and did not bind with the Co** site (Co™"(,) +
2e” = Co(y): E°(V) = —=0.28, Co™(q) + €™ = Co*'(,): E°(V) =
1.81).

For the stabilization of cycling, Li—O, batteries including
Co;0, catalysts were tested using a constant current—constant
voltage (CC—CV) mode with potentiostatic steps at 4.5 V
versus Li/Li* under limited capacity conditions (500 mAh-g™").
This test protocol mainly assisted in limiting the formation of
thermodynamically stable and insulating discharge products
leading to irreversible capacity loss. Figure 7a exhibits the
discharge and charge profiles of the Li—O, cells including the
{001} faceted Co;0, cube and the {112} faceted Co;0, plate.
The {112} faceted Co;0, plate had a slightly low initial ORR
and OER overpotential compared to the {001} faceted Co,;0,
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cube electrode. Specifically, the initial cycle round-trip
efficiency of the {112} faceted Co;0, plate and {001} faceted
Co;0, cube attained 68.6% and 66.9%, respectively (Figure
7a). Similarly, the discharge products grew well on the {112}
faceted Co;0, plate with the lamellar shape, which provided a
large surface-to-volume ratio enhancing electron transfer, while
the surface of the {001} faceted Co;0, cube maintained a clean
and smooth surface (Figure SS). In Figure 7b, the Li—0O, cell
with the {001} faceted Co;O, cube underwent very early
round-trip efficiency decay during cycling, whereas the Li—O,
cell with the {112} faceted Co;0, plate clearly showed a more
stable reaction thanks to the reduced polarization. The
discharge capacity of the {112} faceted Co;0, plate was stable
over 45 cycles, while that of the {001} faceted Co;0, cube was
stable for just 20 cycles (Figure 7c). These tendencies may be
attributed to the different adsorption properties between Li,O,
and the catalyst surface depending on the presence of the Co®"
site. Thus, we can conclude that the Co®" site in the Co,0,
structure is the main active site reducing ORR and OER
overpotential. In addition, we believe that by reducing the
catalyst fraction in the porous cathode to the usual amount or
mixing our materials with carbonaceous material, the round-trip
efficiency could be maximized by increasing conductivity. In
addition, our Li—O, cells need to be optimized to prevent the
side reaction and depletion of electrolytes as well as the
oxidation of the Li metal anode to gain more extended cycle
and higher reaction stability.

B CONCLUSIONS

In summary, using insight from research on the catalytic effect
of cobalt oxides due to morphological surface atomic
configuration and active-site charge distribution, the {100}
faceted Co;0, cube enclosed by only the Co®* site and the
Co** site exposed {112} faceted Co;0, plate were successfully
synthesized under hydro- and solvothermal conditions. Then,
we experimentally demonstrated for the first time that the
unique angular cone-shaped Li,O, could be formed by
controlling the surface atom configuration of the catalyst.
Finally, we suggested that the Co’" site dominantly affects
ORR/OER properties, enabling high round-trip efficiency and
enhanced cycle stability.
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