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ABSTRACT: The development of Li—O, battery electrocatalysts has been
extensively explored recently. The Co;O, oxide has attracted much
attention because of its bifunctional activity and high abundance. In the
present study, toxic Co** has been replaced through the substitution on the
tetrahedral spinel A site ions with environmental friendly metals (Mn*",
Fe?*, Ni**, and Zn*"), and porous nanorod structure are formed. Among
these spinel MCo,0, cathodes, the FeCo,0, surface has the highest Co®"
ratio. Thus, oxygen can be easily adsorbed onto the active sites. In addition,
Fe®" in the tetrahedral site can easily release electrons to reduce oxygen and
oxidize to half electron filled Fe**. The FeCo,0, cathode exhibits the
highest discharging plateau and lowest charging plateau as shown by the
charge—discharge profile. Moreover, the porous FeCo,0O, nanorods can
also facilitate achieving high capacity and good cycling performance, which
are beneficial for O, diffusion channels and Li,O, formation/decomposition

pathways.
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1. INTRODUCTION

Renewable energy sources as clean and efficient energy
resources have attracted much interest because of the serious
concerns regarding the estimated expanding world energy
consumption within the next few years." The use of fossil fuels
is not the most feasible solution to meet this requirement
because of its resulting carbon emission that leads to serious
global warming and greenhouse effects. Lithium—air batteries
with ultrahigh theoretical energy density comparable to the
energy density to gasoline are the best candidates to solve this
emergency problem and satisfy the most challenging needs for
energy storage in numerous applications.” * These batteries
exhibit an energy density of 1700 W h kg™, which is ten times
as much as that of lithium-ion battery (160 W h kg™'). The
nonaqueous rechargeable Li—O, cell is mainly composed of Li
metal as anode, a nonaqueous Li*-conducting electrolyte, and a
porous catalyst as cathode.® During the discharging process, the
Li anode is oxidized to ions (Li*) and diffused through the
electrolyte to the catalyst cathode material. The electrons are
simultaneously conducted from the outer circuit, and oxygen
gas is reduced to generate O>~ ions. The Li" ions further react
with O*” ions to form Li,O, to complete the discharging step.
By contrast, the charging process of lithium—air batteries is
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subjected to the reversed chemical reaction. The essential
electrochemical reactions are presented as follows: anode, Li <>
Li* + €7, and cathode, 2Li* + 2e” + O, © Li,0, (E, = 2.96 V vs
Li/Li*).5

Noble metals with high conductivity, as well as excellent
oxygen evolution and reduction reaction activities, are the most
commonly studied cathode materials. Carbon materials have
been developed to reduce cost by avoiding the use of these
precious metals. However, these carbon materials are limited by
their low oxygen evolution reaction (OER) and deteriorating
capacity caused by Li,O, formation during cycling in an organic
electrolyte.” Metal oxides have been extensively explored as
cathode catalysts for Li—O, batteries because of their high
abundance, low cost, and catalytic abilities for oxygen reduction
reaction (ORR) and OER (bifunctional activities). Various
metal oxides, such as Fe,O;, Fe;O, NiO, CuO, and Co;0,
have been investigated as cathode catalysts.® Co,0,, as a
potential cathode catalyst, exhibits not only high capacitance of
approximately 2000—3000 mA h g™, but also high capacity
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Figure 1. XRD patterns of different metal cobalt oxides (a) MnCo,0,, (b) FeCo,0,, (c) NiCo,0,, and (d) ZnCo,0,. (e) Schematic diagram of

spinel structure.

retention rate and good bifunctional catalytic ability.”'°
However, Co*" is poisonous and hazardous to the environment.
Therefore, more environmentally friendly metal ions have been
considered to substitute Co®>" and thereafter enhance its
conductivity.'' Wang et al.'> first attempted to use ternary
MCo,0, for Li—O, battery cathode. They demonstrated the
substitution of toxic Co** ions in spinel Co;0, structure with
environmental friendly Mn** ions to form MnCo,0, nano-
particles. In addition, they also decorated MnCo,O, with
graphene supports to improve poor conductivity. Several
porous ternary MCo,0y structures, including NiCo,0, nano-
flakes, ZnCo,0, nanoflakes, and MnCo0204 microspheres,
were also prepared to further enhance the catalytic activity of
MCo,0,. ™"

12039

However, the influence of Co®" replacement in the Co,0,
matrix by M** (Mn®*, Fe?*, Ni**, and Zn**) on the
improvement of the corresponding catalytic performance has
not been fully elucidated. Therefore, in this study, the effect of
Co®" ion substitution on catalytic behavior of the Li—O, battery
cathode has been evaluated. MnCo,0,, FeCo,0,, NiCo,O,,
and ZnCo,0, nanorods were synthesized by a facile hydro-
thermal method. These structures are porous, which improves
the capacity and cycling performance. Moreover, they provide
channels for O, diffusion and more voids to store the
discharging products, including Li,O,. Consequently, the
capacity and maintenance of suitable reaction interfaces during
the discharge—charge process can be achieved by improving the
reversibility of the lithium—O, battery.
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2. EXPERIMENTAL SECTION

2.1. Preparation of MCo,0, (M = Mn, Fe, Ni, and Zn) Porous
Nanorods. Metal nitrates (1 mmol) and cobalt nitrate (2 mmol) were
first dissolved in 25 mL deionized water. Then, urea (S mmol) and
ammonium fluoride (2 mmol) were dissolved in 25 mL deionized
water. The two solutions were homogeneously mixed by ultra-
sonication for 0.5 h. The mixed solution was then transferred into
Teflon-lined stainless steel autoclave. The autoclave was sealed and
placed in an oven at 140 °C for 7 h. After the hydrothermal reaction,
the autoclave was left to cool down to room temperature. The
products were filtered, washed with deionized water and ethanol to
remove the residues, and finally dried. The dried powders were then
ground and calcined at 400 °C for 2 h under air atmosphere, yielding
porous MCo,0, nanorods.

2.2. Characterizations. The crystal structures of the porous
MCo,0, (M = Mn, Fe, Ni, and Zn) nanorods were examined by an X-
ray diffractometer (Bruker D2 PHASER) with a Cu Ka (4 = 1.541 A)
radiation. The measurements were conducted over the scanning angle
range of 260 = 10°-75°. For morphological clarifications, a field-
emission scanning electron microscope (JEOL JSM-6700F, with EDS
instruments) and a high-resolution transmission electron microscope
(HRTEM, JEOL JEM-2100F) were utilized. The Brunauer—Emmett—
Teller (BET) surface area was determined from nitrogen adsorption—
desorption isotherms at 77 K (Micrometrics ASAP 2020 V3.00 H)
with an accelerated surface area and porosimetry system. The chemical
compositions were confirmed using X-ray photoelectron spectroscopy
(XPS, PHI Quantera) with a monochromatic Al Ka (4 = 8.3406 A)
radiation source. Co K-edge X-ray absorption near edge structure
(XANES) spectra were collected at BLO1C1 beamline of the National
Synchrotron Radiation Research Center. The catalytic activity was
confirmed by CV testing with MCo,0, nanorod-coated glassy carbon
(MCO-GC covered by 20 uL of 0.05 wt % Nafion solution) as the
working electrode, Li foils as counter and reference electrodes, and 1
M O,-saturated bistrifluoromethanesulfonimidate/tetraethylene glycol
dimethyl ether (LiTFSI/TEGDME) as an electrolyte. The rotating
speed of the electrocatalyst-coated GC electrode was kept at 1600 rpm
by a compact pine rotator (AFMSRCE, PINE Instrument).

2.3. Li—O, Battery Measurements. The homogeneous slurry
was composed of porous MCo,0, (M = Mn, Fe, Co, Ni, and Zn)
nanorods, Super P as a conductive additive, and poly-
(vinylidenedifluoride) (PVDF) as a binder in a weight ratio of
60:20:20. Then, the prepared slurry was coated onto stainless steel
mesh substrate as current collector. The cathode containing pure
carbon with 80 wt % Super P and 20 wt % PVDEF was also prepared
under the same processes for comparison. A typical total loading
weight of the cathode material on an active area of 1 cm® was
approximately 4—5 mg cm™. The coin- type (CR2032) Li—O,
batteries were assembled inside a glovebox using Li foil as anode, 1
M lithium LiTFSI/TEGDME as an electrolyte, and a glass fiber as a
separator. The batteries were fixed in a dry vessel with desiccants
added, and 100 mL min™" of oxygen was continuously fed through a
mass flow controller (Model GFC 17, AALBORG Instruments and
Controls, Inc.).'* All of the measurements were conducted with a
computer-controlled workstation (BAT 750B, AcuTech systems Co.,
Ltd.) between the potential range of 2.3 and 4.3 V vs Li/Li" at a
constant current density of 0.1 mA cm™2. The obtained results were
normalized by the weight of carbon presented in the cathode for
capacity comparison in this study. The EIS measurements were
performed using an electrochemical workstation (AUTOLAB
PGST30, Eco Chemie) in the frequency range of 1 MHz to 1 Hz
(amplitude of S mV). The EIS data were analyzed using Nyquist plots.

3. RESULTS AND DISCUSSION

Different metal cobalt oxides were prepared by urea-assisted
hydrothermal method. Figures la to d show that the X-ray
diffraction (XRD) spectra of MCo,0, (M = Mn, Fe, Nji, and
Zn). MCo,0, nanorods were successfully synthesized with no
impurity phase after the hydrothermal reaction and heat

treatment. MCo,0, revealed the peaks of (111), (220), (311),
(222), (400), (422), (511), and (440), which was identified as
spinel (MnCo,0, JCPDS file no. 23-1237, FeCo,0, consistent
with Co;0,, JCPDS file no. 71-0816 and previous reports,'¢~**
NiCo,0O, JCPDS file no. 73-1702, and ZnCo,0, JCPDS file no.
23-1390, all with space group Fd3m). This result indicates that
M?** ions successfully replaced Co®" in the spinel tetrahedral A
sites together with Co®" in spinel structure B octahedral hole
sites (Figure le). To analyze the crystal lattices of MCo,O,,
Rietveld refinement based on XRD data was carried out (Figure
S1, Supporting Information) and the crystallographic parame-
ters are shown in Table S1 (Supporting Information).

Figure 2 and Figure S2 (Supporting Information) show the
morphology of the MCo,0,. The scanning electron micro-

Figure 2. Scanning electron micrographs of (a) MnCo,0, (b)
FeCo,0,, (c) NiCo,0,, and (d) ZnCo,0,.

graphs of the four kinds of metal cobaltite oxides clearly
revealed the nanorod structure. The nanorod of corresponding
metal oxides is composed of many nanoparticles, causing
numerous voids between the particles. Energy-dispersive X-ray
spectrometry (EDS) microanalysis of the MCo,O, (Figure S3,
Supporting Information) displays that the nanorods comprise
M (Mn, Fe, Ni and Zn), Co, and O elements with atomic ratio
of almost of 1:2:4, indicating the formation of pure MCo,0,.
The transmission electron micrographs in Figure 3 illustrate
that the mesoporous structure is generated by heat treatment in
air during synthesis. The metal hydroxide product reacted with
0, to release CO, and H,0, resulting in small pores.'®'? The
porous structure facilitated the flow of oxygen and the
electrolyte inside the catalyst material, providing and
maintaining an appropriate and two-phase interface (O, first
dissolves in the electrolyte and participates in the actual ORR
charge-transfer reaction)*®”! leading to enhanced catalytic
activity. Spaces for lithium peroxide storage also formed during
discharge, which improved the cyclability. The voids also
reduced the formation of discharge products that can clog the
surface of the catalyst materials, leading to the maintenance of
the catalyst interface to assist lithium peroxide decomposition
and improvement of the life cycle of lithium—O, batteries. The
HRTEM images shown in Figure S4 (Supporting Information)
clearly show the mesoporous nature of the products (high-
lighted by red color). The resolved lattice fringes shown in
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Figure 3. Transmission electron micrographs of (a) MnCo,0,, (b)
FeCo,0,, (c) NiCo,0,, and (d) ZnCo,0,.

Figure S4 (Supporting Information) are approximately 0.24,
0.29, and 0.46 nm, which can be appointed to the (311), (220),
and (111) planes of the MCo,O, spinel phase. This result
further confirms the formation of crystalline phase metal oxides.
This finding is consistent with the XRD pattern and further
confirmed by the corresponding selected area electron
diffraction pattern shown in Figure SS (Supporting Informa-
tion), which also shows the polycrystalline nature for the
produced MCo,0,.

The porous characteristics of metal oxide samples were also
examined by nitrogen adsorption and desorption measurement.

Nitrogen adsorption—desorption isotherm and the correspond-
ing Barrett—Joyner—Halenda (BJH) pore size distribution plots
of MCo,0, are displayed in Figure 4. All adsorption isotherms
of MnCo,0,, FeCo,0,, NiCo,0, and ZnCo,0, are similar
and could be categorized as type-V and H3 loop type
isotherms. Type-V is usually obtained with certain porous
adsorbents, although this kind of isotherm type is uncommon.
The H3 hysteresis loops are typically observed in aggregates of
platelike particles resulting in  slit-shaped mesopores.”” The
mesoporosity and the wide pore size distribution are consistent
with the TEM images. The BET specific surface areas of
MnCo,0,, FeCo,0, NiCo,0,, and ZnCo,0, are 40.4, 66.8,
73.9, and 46.7 m® g™', respectively, but without significant
differences among these cathode materials. The pore size
distribution range from 2 to SO nm (BJH inset graph of Figure
4). The BET results are consistent with the TEM observations,
confirming the mesoporous characteristics of the products.

De Koninck et al. reported that the electronegative O,
adsorbs strongly by increasing Co®* octahedral species resulted
from the partial substitution of the Co®" ion by the M*' ion,
leading to an increased surface Co%"/Co*" ratio (the Co*—O
bond is stronger than the Co?*—O bond).** Oxygen then tends
to adsorb on the Co;* surface and become the main active sites
in ORR in the 1 M KOH electrolyte.*® Therefore, the effect of
different Co**/Co®* by M** substitution on the catalytic activity
of the produced ternary metal oxides (MCo,0,) as Li—O,
battery cathode should be determined. XANES spectra of
different MCo,0, are shown in Figure Sa. The Co K-edge
(Figure Sb) absorption shows that all oxidation states of
MCo,0, are similar to those of commercial Co;0,, which are
composed of both Co®>* and Co®* species, indicating the
similarity chemical environment of the bulk metal oxides.
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However, these results do not provide appropriate description
for the electrochemical process.

Given that the catalytic activity is mainly a surface
phenomenon,** surface sensitive XPS measurement is used to
characterize the valence of MCo,0, cathodes. The full wide-
scan XPS spectra of all MCo,0, are shown in Figure S6
(Supporting Information), revealing the purity of the produced

metal oxide. Figure S6 reveals also that the atomic ratio of M/
Co is approximately 0.5, which corresponds to the surface
chemical composition as MCo,0, The peak deconvolution
and fitting were carried out using Gaussian—Lorentzian shaped
peaks based on the Shirley background correction. Figures 6a—
d show the XPS spectra of Mn 2p, Fe 2p, Ni 2p, and Zn 2p,
respectively. In Figure 6a, two peaks are observed at 641.4 and
652.8 eV, and other two peaks are at 643.4 and 653.7 eV of Mn
2p3, and Mn 2p,,, spin—orbit coupling, which could be
ascribed to Mn?* and Mn*, respectively.”® This result indicates
that the manganese in MnCo,0, is Mn®*" and Mn®" mixed-
valence. Figure 6b shows the Fe 2p spectrum in which two
peaks are observed at 710.8 and 724.3 eV, which can be
attributed to spin—orbit peaks of the Fe 2p;/, and Fe 2p,/,. A
“shoulder” satellite peak is found at 715.3, which could be
characterized to Fe*'®%¢ indicating that Fe" is the main
species present in FeCo,0, surface. Figure 6¢c shows the Ni 2p
XPS spectrum, in which the two observed peaks of Ni 2p;, and
Ni 2p,, at 854.1 and 871.9 eV are ascribed to Ni**. However,
the two observed peaks at 855.9 and 873.8 eV are ascribed to
the Ni** oxidation state, also two shakeup type satellite peaks of
nickel observed at the high binding energy side of the Ni 2p;/,
and Ni2p,,, edge observed at around 861.3 and 880.2 eV, 7
indicating that the nickel in NiCo,0, is also mixed valence.
Figure 6d shows the XPS spectrum of Zn 2p, with two peaks
of Zn 2p;/, and Zn 2p, , at 1021.1 and 1044.2 eV, which can be
characterized to Zn®** oxidation state.”® The XPS spectra of
cobalt 2p in MCo,0, (M = Nj, Fe, Ni, and Zn) are shown in
Figure 7. Figure 7a shows the peaks of Co 2p;/, and Co 2p, , of
MnCo,0,. These two peaks can be fitted to two peaks at 780.1
and 795.4 eV, can be ascribed to Co**, and other two peaks at
782.5 and 797.5 €V, can be ascribed to Co**". These results
indicate the coexistence of the Co(II) and Co(IIl) in MnCo,0,
(Co®/Co®™ ratio = 2.4, estimated from the corresponding
peaks areas). Figure 7b shows the peaks of Co 2p;/, and Co
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of 5 mVs7L

2py/, of FeCo,0,, the fitted peaks at 780.1 and 795.5 €V are
consistent with Co®*. By contrast, the peaks at 781.1 and 796.4
eV (weak intensity values) are consistent with Co**. This result
indicates the coexistence of the Co(II) and Co(III), although
only Fe" is observed on FeCo,0,, suggesting that Fe** did not
fully substitute Co®*. However, the absence of Fe’* might

12043

increase Co" ratio (Co>*/Co*" ratio = 4.9, estimated from the
corresponding peaks areas).

Figure 7c shows the peaks of Co 2p;, and Co 2p,,, of
NiCo,0,. The fitted peaks at 779.3 and 794.5 eV are ascribed
to Co®, and the fitted peaks at 781.0 and 796.4 €V are ascribed
to Co?*, indicating the cobalt of NiCo,0, is also a mixed-
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valence (Co**/Co®* ratio = 0.6, estimated from the
corresponding peaks areas). Figure 7d shows the peaks of Co
2ps3, and Co 2p,, of ZnCo,0O,, the fitted peaks at 780.1 and
795.5 eV are indexed to Co’*, and the fitted peaks at 781.0 and
796.4 €V are attributed to Co**, (Co>*/Co*" ratio = 4.7).2>*"28
Therefore, these results imply that both FeCo,0, and
ZnCo,0, are more active because of their higher Co**/Co**
ratio (4.9 and 4.7), to which oxygen could strongly adsorb. The
O 1s XPS spectrum (Figure S7, Supporting Information) for all
MCo,0, displays two main peaks at approximately 529
(corresponding to a characteristic bond between metal and
oxygen) and at 531 eV, which corresponds to some defect sites
with low oxygen coordination in the structure.”” All XPS
binding energies, FHWM, distance between 2p;, and 2p, , and
satellites position of Co and M in MCo,O, are listed in Table
S2 (Supporting Information).

Evaluation of the electrocatalytic activities of different metal
oxides using the CV test was first recorded. The activities were
measured in 1 M O,-saturated LiITFSI/TEGDME electrolyte at
a scan rate of $ mV s~ All MCo,0, (M = Mn, Fe, Ni, and Zn)
CV curves are shown in Figure 8. In the CV curves, the OER
anodic and ORR cathodic peaks obviously appeared, compared
with pure Super P CV behavior shown in Figure S8
(Supporting Information). The CV behavior indicates that
these ternary metal oxides are effective for both ORR/OER
activities. The results are confirmed with the voltage profiles of
the first discharge—charge cycle of Li—O, batteries plotted in
Figure 9. Figure 9 displays first capacity—voltage profiles of Li—
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- 3.6 ZnCo,0,
= 344 MnCo,0,
g 3.2 ——NiC0,0,
S 3.0 Co,0,
A 2.8+ Super P

2.6

S

“o 500 1000 1500 2000 2500

Specific capacity (mAh gC'l)

Figure 9. Voltage profiles of the first discharge—charge cycle of Li—0,

batteries using the different metal cobalt oxide-based electrodes and
-2

the Super P-based electrode as cathodes at 0.1 mA cm™.

O, batteries of all MCo,0O, mesoporous nanorods and Super P-
based cathodes tested from 2.3 to 4.3 V (vs Li/Li*) using 0.1
mA cm™ current density.

The discharge and charge plateau voltages, as well as the
capacities, of Co0;0, MnCo,0,, FeCo,0, NiCo,0, and
ZnCo,0, are listed in Table 1. Given that Super P has poor
OER catalytic activity, which corresponds to the CV results, a
stable charging plateau cannot be maintained (Figure 9). The
reduced discharging overpotential (increasing the discharging
voltage and decreasing the charging voltage) and the increased
capacity compared with Co;0, are observed. The capacity of
FeCo,0, ZnCo,0,, MnCo,0,, and NiCo,0, cathodes are
2350.0, 2381.7, 1334.9, and 1491.6 mA h g/, respectively.
Because of the high ratio of Co**/Co®, in case of the FeCo,0,
cathode, oxygen can easily adsorb onto an active site, leading to
higher discharging plateau voltage (2.67 V vs Li/Li*, lower
discharge overpotential) and higher capacity compared with
other MCo,0, cathodes (the capacity value closes to

Table 1. Performance of the Different Metal Cobalt Oxide-
Based Electrodes

discharge plateau charge plateau capacity
V) ) (mAhg™")

FeCo,0, 2.67 3.96 2350.0
ZnCo,0, 2.61 4.08 2381.7
MnCo,0, 2.61 4.10 1334.9
NiCo,0, 2.50 4.03 1491.6
Co,0, 2.50 4.10 1166.6
Super P 2.38 638.2

ZnCo,0,). FeCo,0, cathode also exhibits lower charge plateau
voltage of 396 V vs Li/Li’, lower charge overpotential,
indicating its excellent performance in the Li—O, battery
cathode.

In addition, Fe?* is easy to oxidase to the half-filled d orbital
Fe®*,*>*° which may cause the surface of FeCo,0, to provide
electron for oxygen reduction, leading to catalytic activity
enhancement. This condition may have resulted in the smaller
overpotential of FeCo,0, than that of ZnCo,0, A similar
procedure was applied to study the cycling performances for
MCo,0, nanorod-based cathodes for Li—O, battery.

As compared in the Nyquist plots (Figure S9, Supporting
Information), the interfacial resistance, which includes the
contributions from charge transfer resistance and Li ion
transport resistance through passivation layers, after discharge
and recharging process for all MCo, O, electrodes became slight
larger than before electrochemical cycling, indicating the
stability of the electrodes after electrochemical cycles,
particularly in the case of FeCo0,0, and ZnCo,0,.

The cycling performances are displayed in Figure 10. Using a
cutoff capacity of 500 mA h g7/, all cathodes ran steadily for 40
cycles of discharge and charge, which can be indicated to the
cathode bifunctional electrocatalytic activities. The mesoporous
structure of MCo,0, can assist the flows of oxygen and
electrolyte to prevent channel clogging by discharge products
and, also, ensure the accommodation of a large amount of
discharge products and to facilitate rapid mass (oxygen and
lithium ions);>" moreover, the porous structure of MCo,0,
nanorods, which maximizes the availability of the catalytic sites
and facilitates the transport of electrons and O,, thus decreases
the overpotential by polarization."> The first cycle of charging
plateau is higher than the successive cycles, probably because of
the slow initial reaction kinetics of Li,O, dissociation, which
became faster by catalysis activation during the subsequent
cycles.

For further investigation of excellent electrochemical
performance of MCo,0, nanorods electrode, the discharge
and recharge products in the FeCo,0, nanorods-based cathode
of Li—O, batteries, which exhibited the best performance, are
analyzed by ex situ SEM. The SEM images of the pristine, after
first discharge (to 2.3 V) and after recharge (to 4.3 V) of
FeCo0,0, nanorods electrode are shown in Figures S10a—c
(Supporting Information), respectively. Before discharge, the
mesoporous FeCo,0, nanorods and Super P carbon nano-
particles are observed in the as-prepared cathode (Figure S10a,
Supporting Information). After discharge, nanosheets are
observed on the surface of cathode, which are considered as
aggregates comprised of nanocrystalline Li,O, (Figure S10b
and its highly magnified Figure S11, Supporting Information).
The nanosheets morphology of Li,O, was also observed in
previous works.">*"** A possible formation mechanism of the
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Figure 10. Profiles of a Li—O, battery using (a) MnCo,0,-, (b) FeCo,0,-, (c) NiCo,0,-, and (d) ZnCo,0,-based electrodes at different discharge—

charge cycles.

Li,O, aggregated products is that the hexagonal crystal
structure of the Li,O, and preferred nucleation on the
prismatic crystal faces may give rise to toroidal and other
shape aggregates of Li,O, nanocrystallites® (Figure S10b and
Figure S11, Supporting Information). The Li,O, particles
obviously disappeared during the following charge process
(Figure S10c, Supporting Information), suggesting a highly
reversible process of the electrode.

4. CONCLUSIONS

In summary, porous MCo0,0, (M = Mn, Fe, Ni, and Zn)
nanorods as cathode materials for lithium—O, batteries were
prepared through a facile hydrothermal reaction. The
mesoporous structure enabled the flow of oxygen and
electrolyte during discharge reaction and provided good two-
phase interface for catalysis. This structure also provided
additional storage space for lithium peroxide and improved the
capacity. Additionally, it also helped avoid the discharge
products covering the surface of the catalyst, leading to the
unclogging of O, pathways and decomposition of discharge
products. Thus, the battery was stable for 40 cycles. A lower
overpotential and higher capacity of spinel MCo,0, were
correspondingly resulted compared with those of commercial
Co;0,. FeCo,0, cathode exhibited higher capacity and lower
overpotential, because of the higher Co**/Co*" ratio, which led
to the high O, absorption to the catalytic surface. Thus, the
more electropositive Co®* ions functioned as active sites to
adsorb the oxygen molecules. Therefore, MCo,O, with higher
amount of Co’" ions result in better electrochemical perform-

ance.
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