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ABSTRACT: Tremendous efforts have been devoted to exploring various Li−O2 cathode catalysts for oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER). However, most of the high-activity ORR/OER catalysts can also
accelerate side-reactions, such as electrolyte degradation on cycling. To address this issue, we change our strategy from pursuing
highly active catalysts to developing stable cathodes that are compatible with the electrolyte. In this work, hierarchical
mesoporous ZnO/ZnFe2O4/C (ZZFC) nanocages are synthesized from the templates of metal−organic framework (MOF)
nanocages. Such ZZFC nanocages have lower ORR/OER catalytic activity as compared with the widely used catalysts for fuel
cells, but they do not catalyze the degradation of organic electrolyte during operation. Furthermore, the optimized porosity and
conductivity can fit well the needs of the Li−O2 cathode. When employed in a Li−O2 battery, the ZZFC cathode delivers a
primary discharge/charge capacity exceeding 11 000 mAh g−1 at a current density of 300 mA g−1 and an improved cyclability with
capacity of 5000 mAh g−1 for 15 cycles. The superior electrochemical performance is ascribed to the hierarchical porosity and
little degradation of the organic electrolyte.
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1. INTRODUCTION
Rechargeable lithium−oxygen batteries (LOBs) have received
worldwide attention due to their ultrahigh theoretical specific
capacity far exceeding conventional lithium-ion batteries.1,2

Cycle performance is one of the main concerns for practical
application of LOBs. The cyclability strongly depends on the
reversibility of Li2O2 formation and oxidation reactions on the
cathode.3−6 At present, the oxygen cathodes in most LOBs
consist of porous carbon substrate (e.g., graphene,7,8 carbon
nanotubes,9,10 pyrolytic carbon11−13) and/or catalyst.14−18

However, there are still some roadblocks for practical
implementation related to the porous oxygen-cathode materi-
als.19−22 For instance, the generally used catalysts indeed
promote the kinetics of ORR and OER, but they also accelerate
other undesirable reactions: superoxide radicals, an intermedi-
ate of the oxygen reduction reaction, may attack the cathode
and organic electrolyte to make them irreversibly decompose
upon cycling.23−28 Consequently, the accumulation of by-
products from these reactions (e.g., lithium alkyl carbonates,
lithium carboxylates and Li2CO3) leads to a decreased round-
trip efficiency and fast capacity decay.26,29−33 To address this
issue, some stable cathode designs have been proposed. For
example, Au34 and TiC35 were used to reduce the side reactions

and improve the cyclability in a DMSO-based electrolyte.
Making cathodes electrochemically stable is a promising
strategy to achieve high-performance LOBs.
On the other hand, considering that formation and

decomposition of peroxide product in LOBs do not involve
O−O bond breaking or formation, which is rather different
from the ORR/OER processes in traditional hydrogen fuel
cells, requirements of the catalysts for LOBs are also different
from those for fuel cells. Principles for choosing the fuel-cell
ORR catalysts, such as the “volcano” curve,36−38 are no longer
applicable in LOBs. Some weak catalysts that are unable to split
O−O bond may be good enough for LOBs. Meanwhile, the
porous structure of the cathode becomes more important in
LOBs than in fuel cells. The multiphase interfacial discharge
and charge reactions need hierarchical meso- and macropores
to transport the reactants/electrons and to accommodate the
Li2O2.

39,40

In this work, hierarchical porous ZnO/ZnFe2O4/C nanoc-
ages (abbreviated as ZZFC) derived from metal−organic
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framework (MOF) nanocage templates were fabricated and
tested as lithium−oxygen cathodes. Via an optimized pyrolysis
process, the hollow octahedral shape of the MOF nanocages
was maintained, and the walls of the nanocages became
mesoporous and conductive. This unique architecture can
provide a good cathode-Li2O2 contact during the OER process.
When operated at high potential in pure oxygen atmosphere,
the ZZFC electrode exhibited good stability in contact with
tetraethylene glycol dimethyl ether (TEGDME)-based electro-
lyte, and almost no electrolyte degradation was detected.
Compared with other cathode catalysts, the ZZFC has a weaker
catalytic activity, but still delivers a high reversible capacity.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Iron(III) acetylacetonate was purchased from

Shanghai Dibo Chem. Tech. Co., Ltd.; Terephthalic acid, poly-
vinylpyrrolidone (PVP), zinc nitrate hexahydrate (Zn(NO3)2·6H2O),
dimethylformamide, and ethanol were purchased from Sinopharm
(Shanghai) Chem. Reagent Co., Ltd., China. Perdeuteriodimethyl
sulfoxide was purchased from Cambridge Osotope Laboratories, Inc.,
USA. Anhydrous tetraethylene glycol dimethyl ether was purchase
from Sigma-Aldrich Inc., USA, and was further dried with activated
molecular sieves (type 4A). All chemical reagents were of analytical
grade and used without any further purification. Carbon paper
(CNFTP005) was purchased from Kunming NaTai Energy Co., Ltd.,
China.

2.2. Fabrication of ZnO/ZnFe2O4/C Nanocages. ZnO/
ZnFe2O4/C nanocages were fabricated from octahedral Fe(III)-
MOF-5 templates. The templates were synthesized via a reflux
method as reported elsewhere.41,42 In a typical process, 1.08 g of
Fe(III) acetylacetonate (Fe(acac)3), 0.835 g of Zn(NO3)2·6H2O, 0.17
g of terephthalic acid, and 3.6 g of polyvinylpyrrolidone (Mw = 55 000)
were added into 240 mL of mixed solvent (dimethylformamide:etha-
nol = 5:3), followed by being stirred for 10 min to make them fully
dissolved. The mixture was then transferred into a 500 mL three-
necked flask and refluxed at 100 °C for 6 h. A dark orange precipitate
was collected, washed with dimethylformamide and ethanol for several
times, and dried at 80 °C for 24 h. The ZZFC nanocages were attained
by heating the as-obtained Fe(III)-MOF-5 templates to various target
temperatures in N2 atmosphere at a heating rate of 1 °C min−1 and
then directly cooled naturally down to room temperature.42

2.3. Characterizations. Nitrogen adsorption and desorption
measurements were carried out on a Micromeritics ASAP 2020
system at 78 K. The specific surface area of the samples was calculated
using the Brunauer−Emmet−Teller (BET) method, and the average
pore diameter was determined with the desorption branch by the
Barrett−Joyner−Halenda (BJH) model. The conductivity was
measured with a direct-current resistivity method. The scanning
electron microscopy (SEM) images and the energy dispersive X-ray
spectroscopy (EDX) data of the samples were obtained with a Sirion
200 microscope. Transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) images were recorded by a JEOL
microscope (JEM-2010F, Japan). X-ray diffraction (XRD) patterns
were collected using a multipurpose diffractometer (Panalytical X’pert

Table 1. Conductivity of the as-Synthesized Fe(III)-MOF-5 and the Samples Sintered at Different Temperatures in N2

temperature (°C) Fe(III)-MOF-5 400 450 500 550 600
conductivity (S cm−1) <5 × 10−10 7.5 × 10−6 2 × 10−6 5 × 10−5 1.5 × 10−5 2 × 10−4

Figure 1. N2 adsorption and desorption isotherms of the as-synthesized Fe(III)-MOF-5 and the samples after sintering in N2 at various
temperatures: (a) Fe(III)-MOF-5 precursor, (b) 400 °C, (c) 450 °C, (d) 500 °C, (e) 550 °C, and (f) 600 °C.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am509143t
ACS Appl. Mater. Interfaces 2015, 7, 4947−4954

4948

http://dx.doi.org/10.1021/am509143t


PRO MRD, Holland) with high-intensity Cu Kαl irradiation (λ =
1.5406 Å). The discharged and charged products were washed with
anhydrous dimethyl sulfoxide and dried before characterization. X-ray
photoelectron spectroscopy (XPS) measurement was performed on a
VG MultiLab 2000 system with a monochromatic Al Kαl X-ray source
(ThermoVG Scientific). Raman spectra were collected on a Lab RAM
HR800 (Horiba JobinYvon) using a 532 nm laser. Thermogravimetric
(TG) analysis was performed with a PerkinElmer Diamond apparatus
at a heating rate of 10 °C min−1 in flowing air or N2. For

1H nuclear
magnetic resonance (NMR) analysis, the discharged and charged
electrodes were dipped in perdeuteriodimethyl sulfoxide to prepare the
sample, and then the extracted solution was examined on a Bruker
AscendTM 600 MHz spectrometer.
2.4. Electrochemical Measurements. All cyclic voltammetry

(CV) and linear sweep voltammetry (LSV) tests were performed on
an electrochemical workstation (CHI760E, CH Instruments, Shanghai,
China) with a rotating disk system (Pine Research Instrumentation,
USA). A glassy carbon (GC) disk electrode with a diameter of 5 mm
was used as the working electrode. Metallic lithium pellets were used
as the counter electrode and reference electrode. All electrochemical
measurements were carried out in N2- or O2-saturated 1.0 mol l−1

LiTFSI (bistrifluoromethanesulfonimide lithium salt) in TEGDME
solution at room temperature.
To prepare the working electrode, the GC electrode was first

polished to mirror flat with alumina powder before use, and then
different air cathode materials were loaded onto the GC electrode. 4.0
mg of active material, 0.5 mg of super P, and 10 μL 0.05 g mL−1 of
polyvinylidene fluoride N-methyl pyrrolydone solution were mixed
and ground to form sticky homogeneous slurry. 1 μL of the as-
prepared slurry was loaded onto the GC electrode surface and dried at
80 °C for 24 h.
Lithium−oxygen coin batteries were assembled in argon-filled

glovebox with oxygen and water contents less than 1 ppm. The battery
consists of metallic lithium foil anode (0.5 mm thick), glass fiber
separator (from Whatman), electrolyte of 1 mol l−1 LiTFSI in
TEGDME, and as-synthesized cathode. A cathode slurry was prepared
by mixing 80 wt % ZZFC, 10 wt % super P, and 10 wt %
polyvinylidene fluoride (PVDF) in N-methyl pyrrolydone (NMP).
The mixture was then coated onto a carbon paper by screen printing,
followed by drying at 80 °C for 24 h in a vacuum oven. The carbon
paper was then cut into circular discs with a diameter of 8 mm (0.5
cm2). The same method was employed to prepare the pure super P
electrode that consists of 90 wt % super P and 10 wt % PVDF. The
mass loading of the cathode (super P + active material) was 0.4 mg
cm−2.
Galvanostatic discharge and charge performances of the LOBs were

measured by a Land CT2001A battery system at a current density of
300 mA g−1 within a voltage range from 2.0 to 4.5 V in a plastic box
filled with high purity oxygen. We also discharged and charged the
batteries at a fixed capacity of 5000 mAh g−1 to test the cycling
performance.

3. RESULTS AND DISCUSSION
An ideal LOB cathode should include a conductive porous
framework. Very recently, some works have demonstrated that
MOF-derived materials show a potential application as
cathodes for LOBs due to their porous matrix. Wu et al.
selected five different MOF open architectures as the O2
electrodes for the first time.43 However, without a postanneal-
ing process, the low conductivity limited the electrochemical
performance. Chen et al. synthesized γ-Fe2O3/carbon nano-
composite air cathode by pyrolyzing a MIL-100-Fe MOF at 600
°C; the conductivity was raised after carbonization process, and
hence the electrochemical performance was improved.44 On the
other hand, it is well-known that high temperature annealing
leads to large particle size and low porosity. So we first
optimized the annealing temperature to get good conductivity,
and meanwhile to retain a suitable porous architecture. The

conductivities of the samples sintered at various temperatures
are compared in Table 1. As expected, the conductivity
increases with the sintering temperature.
The porous structure can be reflected by the N2 adsorption−

desorption isotherms, as presented in Figure 1. The original
Fe(III)-MOF-5 sample contains both micropores of the
framework and macropores between the crystalline particles.
Accordingly, it shows a typical adsorption isotherm of

Figure 2. (a,b) SEM images of Fe(III)-MOF-5 (a) and ZZFC (b).
(c,d) TEM images of Fe(III)-MOF-5 (c) and ZZFC (d). (e, f) high-
resolution TEM images of ZZFC. (g) XPS spectra of ZZFC: survey
spectrum. Inset: high-resolution XPS spectrum for Fe 2p. (h) XRD
patterns of ZZFC.

Figure 3. CVs of ORR/OER in 1.0 M LiTFSI in TEGDME on 80%
ZZFC+10% super P+10% PVDF (red solid line) and 90% super P
+10% PVDF (blue solid line) electrodes in O2-staurated atmosphere.
CV of 80% ZZFC+10% super P+10% PVDF electrode in N2-saturated
atmosphere (red dash line). The scan rate was set at 0.1 V s−1.
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microporous material (Figure 1a). After sintering, the organic
compounds were carbonized and micropores of the MOF
would collapse. Eventually, the material became mesoporous.
The samples after sintering at 400, 450, and 500 °C show a
similar type IV isotherm with H4 type hysteresis loop (IUPAC
classification, Figure 1b,c,d), suggesting that the mesoporous
structure of the samples was maintained up to 500 °C.
Nevertheless, with further increasing sintering temperature, the
hysteresis loop shrinks and the total quantity of adsorption
significantly decreases (Figure 1e,f), demonstrating an evident
destruction of the mesoporous structure. Therefore, in order to
obtain a lithium−oxygen cathode with both good conductivity
and proper porosity, the sintering temperature was chosen at
500 °C. The calculated BET surface area of the final ZnO/
ZnFe2O4/C nanocages is 100.3 m2 g−1, and the average pore
size is about 12.2 nm (Figures 1d and S1, Supporting
Information).
The TG analysis carried out under N2 atmosphere gives us

an insight into thermal decomposition process of the Fe(III)-
MOF-5. As shown in Figure S2a (Supporting Information), the
mass plateau appears at 500 °C, confirming that the organic
ligands in Fe (III)-MOF-5 are completely carbonized in N2.
The CV curves for the samples sintered at different
temperatures are compared in Figure S3 (Supporting
Information). We can see that the sample sintered at 500 °C
has the highest peak current and lowest overpotential for both
ORR and OER reactions. It confirms that 500 °C is an
appropriate temperature for heat treatment.

The SEM images reveal that the Fe(III)-MOF-5 exhibits a
well-defined uniform octahedral cage-like structure with average
particle size around 200 nm (Figure 2a). The ZZFC obtained
after sintering retains the same hollow cage structure (Figure
2b). From the TEM images (Figure 2c,d), we can obviously see
the porous frameworks that construct the hollow octahedral
cage. Figure 2e reveals that a very thin carbon layer is coated on
the surface of the metal-oxide nanoparticles. The HR-TEM
image (Figure 2f) clearly shows the lattice fringes; the distance
between two adjacent plane (d value) are found to be 0.191 and
0.211 nm, which correspond to the (102) plane of ZnO and
(400) plane of ZnFe2O4, respectively.
XPS measurement was applied to confirm the surface

components and chemical element valence of the products.
The survey scan spectrum (Figure 2g) suggests the presence of
Zn, Fe, O, and C.41 In the high-resolution XPS spectrum of Fe
2p (inset of Figure 2g), two obvious peaks appear at 711.3 eV
for Fe 2p3/2 and 724.9 eV for Fe 2p1/2, together with an
additional small satellite peak at 716.1 eV, which also
corresponds to Fe3+.45,46 Figure 2h displays the XRD patterns
of ZZFC. All diffraction peaks can be assigned to hexagonal
ZnO (P63mc, a = b = 0.3253 nm, c = 0.5213 nm) and cubic
ZnFe2O4 (Fd3m, a = b = c = 0.84432 nm), agreeing well with
the XPS results. Thus, the ZZFC is confirmed to have many
hollow cages that are composed of ZnO and ZnFe2O4
nanoparticles coated with thin carbon layers.
The presence of carbon derived from carbonization of

organic ligands in Fe(III)-MOF-5 is evidenced by Raman
spectroscopy (Figure S4, Supporting Information). Two typical
Raman peaks located at 1363 and 1587 cm−1 are responsible for
turbostratic and/or disordered carbonaceous features (D-
band), and graphitic crystallites (G-band), respectively.47 It is
well-known that the R value (ID/IG) decreases with increasing
amount of sp2 (graphite) clusters in the sample.48 The
calculated R-value of ZZFC is 0.85, indicative of good
conductivity. From the TG curve of ZZFC (Figure S2b,
Supporting Information), the carbon content in the final
sample is estimated to about 12 wt %.
The kinetics of the electrochemical process of ZZFC

cathodes was investigated by CV (Figure 3). In the absence
of oxygen, the CV curve shows no obvious redox peak. In the
presence of oxygen, the ORR onset potential of the ZZFC
electrode is approximately 2.8 V vs Li/Li+, about 100 mV
higher than that of the pure super P electrode. And a large
increase in the peak current density obtained for both ORR and
OER indicates the catalysis activity of ZZFC electrode.
To investigate the stability of the electrolyte, we designed a

set of electrochemical LSV and NMR experiments. The LSV
tests performed here were directly scanned from 3.38 to 4.28 V

Figure 4. (a,b) LSV curves measured on rotating glassy carbon electrode coated with various air-electrode materials (the sweep rate was set at 0.01 V
s−1 without rotation; panel b is the magnified image of panel a).

Figure 5. Magnified 1H NMR spectra of the electrolytes in various
cathodes after cycling (the cathode catalyst in each sample is (a)
ZZFC, (b) Co3O4, (c) MnO2, and (d) 5% PtC; all the aforementioned
spectra are presented after magnified). (e) Nonmagnified 1H NMR
spectra of 1.0 mol l−1 LiTFSI in TEGDME solution.
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(vs Li/Li+) with different cathodic catalysts. In such a scan,
since no Li2O2 is formed on the electrode before or during
scanning, the current can only resulted from side reactions such
as electrolyte oxidation or cathode decomposition. The current
responses of Co3O4, MnO2, and 5% PtC are much higher than
those of Fe2O3, super P, ZZFC, and glassy carbon (Figure 4a),
indicating that these traditional strong catalysts for fuel cells
may catalyze the oxidation of electrolyte or cathode materials at
high potential in oxygen atmosphere. It is worth noting that the
current density of ZZFC is almost on a par with that of bare
glassy carbon (Figure 4b), indicative of less side reaction
occurred on the ZZFC electrode in TEGDME-based electro-
lyte.

1H NMR spectra of the electrolytes after cycling with various
cathodes ZZFC, MnO2, Co3O4, and 5%Pt/C are compared in
Figure 5. Before testing, all the cathodes were first discharged to
1.0 mAh, then recharged to 4.38 V. The decomposition
products of TEGDME, such as Li formate and Li acetate,33,49

can be clearly identified in the samples with MnO2, Co3O4, and
5%Pt/C catalysts. While in the spectroscopy of the electrolyte
of the ZZFC sample, at a same magnification ratio, the peaks
from these byproducts are almost not observable. The water
contamination (3.4 ppm) was brought in during the sample
preparation process. The NMR results are consistent with the
LSV results.

The galvanostatic discharge−charge performance of ZZFC
cathodes was examined in coin-type lithium−oxygen batteries
and compared with the pure super P in TEGDME-based
electrolyte. Galvanostatic measurements were carried out in a
voltage window between 2.0 and 4.5 V at a current density of
300 mA g−1. The typical charge/discharge profiles are
presented in Figure 6a,c. The ZZFC electrode delivers a
discharge capacity of 11 410 mAh g−1 (calculated based on the
total weight of the electrode, including super P and active
material), which is much higher than the cell with pure super P
electrode (7500 mAh g−1 at the second discharge cycle). In
contrast, the charge plateaus of ZZFC electrode and the pure
super P electrode are 4.26 and 4.41 V, respectively. We also
explored the cycling performance of the as-prepared electrode
by keeping the capacity at 5000 mAh g−1 (Figure 6b,d). For the
pure super P electrode, the cell failed at the 3th cycle. For the
ZZFC electrode, the discharge curve presented a plateau at 2.7
V but dropped to 2.6 V after 10 cycles; the charge end potential
kept steadily over the initial 8 cycles but then increased soon in
the 9th and 10th cycles.
Because high charging overpotential leads to fast electrolyte

decomposition, lowering charge overpotential can help to
improve the cyclability. To do so, we applied a “deep discharge
+ fixed capacity” mode in the galvanostatic test. The cell was
first discharged to 8000 mAh g−1, and then cycled at a fixed

Figure 6. (a,b) Full voltage-range (a) and fixed capacity (b) galvanostatic discharge/charge curves of super P cathode (90% super P + 10% PVDF).
(c,d) Full voltage-range (c) and fixed capacity (d) galvanostatic discharge/charge curves of ZZFC cathode (80% ZZFC + 10% PVDF + 10% super
P). (e) Galvanostatic discharge/charge curves of ZZFC cathode in a “deep discharge + fixed capacity” mode. The cell was first discharged to 8000
mAh g−1, and then cycled at fixed capacity of 5000 mAh g−1. (f) Comparison of the discharge and charge curves of the first cycle using different
cycling mode: red line: “deep discharge then fix capacity” mode as in panel e, black line: “fix capacity” mode as in panel d. The current density in all
of these experiments was 300 mA g−1.
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capacity of 5000 mAh g−1 (Figure 6e). This mode is designed
based on the following considerations: the side reactions
cannot be completely eliminated, and the discharge product is
not pure lithium peroxide; moreover, the lithium peroxide
cannot be fully oxidized in the charging process. Thereby, if the
charging capacity was set equal to the discharge one, as what
the conventional method does, the capacity produced by the
lithium peroxide oxidation cannot fulfill the charging capacity.
In the end part of the charging process, the charge capacity only
comes from the side reactions. In other words, more side
reactions are forced to happen at higher potential because there
is not enough lithium peroxide left. However, in our “deep
discharge + fixed capacity” mode, there are some “extra” lithium
peroxide formed during the first discharge process. In the
following cycles, the extra lithium peroxide can still be oxidized
to avoid the high-potential side reactions at the end of charge
process. Figure 6f shows that the charge end potential drops
0.15 V in the first cycle by using the“deep discharge + fixed
capacity” mode. Accordingly, the cell can be operated at 5000
mAh g−1 for 15 cycles.
The composition change of the cathodes during cycling was

tested with SEM, XRD, and EDX analysis (Figure 7). As
presented in Figure 6d, three characteristic peaks corresponding
to the Li2O2 phase were observed after fully discharged to 2 V.
Because lithium and oxygen atoms are much lighter as
compared with zinc and iron atoms, the Li2O2 diffraction
peaks appeared not very strong. The EDX result suggests that
atom percent of O/C element in the cathodes increased from

0.23 to 1.00 after discharge, which further proves that Li2O2 is
the dominant discharge product. Observed from the SEM
image (Figure 7c), we find that the Li2O2 product deposits on
both the ZZFC electrode surface and the Li2O2 itself until the
Li2O2 almost fills the space between the ZZFC electrode. This
morphology demonstrates that the deposited Li2O2 does not
block the catalytically active surface in the ZZFC electrode.50

When the cell was recharged to 4.5 V, the characteristic peaks
of Li2O2 disappeared (Figure 7f), suggesting that most of Li2O2

product can be oxidized on charging. Attributed to a small
portion of undecomposed Li2O2, the atom percent of O/C in
the charge electrode is slightly higher than that of the pristine
electrode. Furthermore, we can see from the SEM image of the
electrode sheet after running for 10 cycles (Figure S8d,
Supporting Information) that the mesopores of the ZZFC are
choked by the undecomposed Li2O2 and a small amount of
side-reaction products. This should be the main reason for the
performance decay.
Ideally, a lithium−oxygen battery cathode should contain a

catalyst that can facilitate both ORR and OER but does not
catalyze the oxidation of electrolyte or the decomposition of
itself. However, there is a problem for this kind of ideal catalyst.
In general, strong ORR/OER catalysts may chemically adsorb
oxygen atoms and lower the energy barrier of the unstable
intermediates. Such reactive sites may also adsorb electron
donor groups on organic solvent molecules and weaken the
chemical bonds near the adsorpted atoms. The intermediate
species such as superoxide ions may easily oxidize the adsorbed

Figure 7. SEM images (a,c,e) and corresponding XRD patterns (b,d,f) for the ZZFC cathodes: (a,b) before discharge, (c,d) after discharged, and
(e,f) after charge. Inset atomic ratios were obtained with EDX. Symbols in the XRD patterns indicate the ascription of the peaks: # ZnO,▼ ZnFe2O4,
* Li2O2.
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molecules. Thus, it is very difficult to design such highly
selective catalyst. But before that, we need to find some balance
between the catalytic activity and the electrochemical stability.
The overpotential of our cells indicates that the catalytic activity
of ZZFC is not strong. However, owing to its excellent stability
with the electrolyte and its rational porous architecture, it still
delivers a relatively high reversible capacity.

4. CONCLUSIONS
Hierarchical mesoporous ZZFC nanocages were attained by
pyrolyzing the Fe(III)-MOF-5 templates, and evaluated as
cathode materials for lithium−oxygen batteries. By controlling
the heat treatment condition, the porosity and conductivity of
ZZFC were optimized to best fit the requirements of the air
electrode. The ZZFC cathode exhibits large specific capacity
and good cycling performance. We ascribe the outstanding
performance of ZZFC to the following reasons: (1) ZZFC
contains a rational architecture with combined characteristics of
large surface area, hierarchical porosity and uniformly dispersed
active sites, which benefits the mass/electron transportation in
the multiphase discharge/charge reactions; (2) confirmed by
LSV and NMR measurements, the TEGDME-based electrolyte
is stable with the ZZFC during operation. Reduced parasitic
reactions lead to reversible formation/decomposition of
discharge product Li2O2. Our results demonstrate that
balancing the conductivity and porosity, the catalytic activity
and electrochemical stability is an efficient strategy to improve
the cathodic performance for lithium−oxygen batteries.
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