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ABSTRACT: Seeking to design high-efficiency catalyst
(LMO@N-rGO) for Li-O2 batteries, we suggested a one-
step hydrothermal strategy to grow well-crystallized spinel
LiMn2O4 (LMO) nanoparticles homogeneously on nitrogen-
doped reduced graphene oxide nanosheets (N-rGO). We
found that the prepared material can yield a twin-function
battery, functioning as a Li-O2 (air) battery under the oxygen
atmosphere and a Li-ion battery in the absence of oxygen. In
the Li-O2 configuration, the material displayed a lower charge
plateau voltage for 0.21 V and excellent cycling performance
(120 cycles at 1000 mA h g−1 limited capacity). Furthermore,
in the absence of oxygen, the material exhibited very good Li-ion battery cathode performance, achieving a capacity of up 80 mA
h g−1. On the basis of our characterization results, three reasons are suggested for the twin performance of the material: the
highly uniform dispersion of LMO nanoparticles, the improved Li diffusion kinetics, and the synergic effect between the spinel
LMO nanoparticles and the N-rGO.

KEYWORDS: Nitrogen-doped reduced graphene oxide, Lithium manganese oxide, Oxygen reduction reaction, Li-oxygen battery,
Li-ion battery

■ INTRODUCTION

Considering the ultrahigh theoretical gravimetric energy
density (11400 Wh kg−1 includes the mass of oxygen and
active materials),1,2 rechargeable Li-O2 batteries have become
one of the research hotspots in the field of energy storage.
Despite these batteries’ huge potential, however, numerous
challenges must be addressed before their practical application
can be achieved: low round-trip efficiency,3 inferior cyclabil-
ity,4,5 and poor catalytic capability,6,7 especially at high power
density. In a classic nonaqueous Li-O2 configuration, the
discharge process involves the oxygen reduction reaction
(ORR), yielding insoluble products (such as Li2O2), and for
the subsequent oxygen evolution reaction (OER, during
recharge process), these discharge products can electro-
chemical decomposed. In general, advanced cathode materials
for the Li-O2 battery usually have an efficient ORR/OER
catalyst uniformly distributed on a three-dimensional (3D)
porous current collector (Ni/Ti/Cu foam)8−10 and carbon
paper,11−13 which is beneficial for the deposition and

electrochemical decomposition of Li2O2. Therefore, it is
desirable to design and synthesize cathode materials with
effective catalysts to improve the reversible formation and
decomposition of Li2O2.
Recently, spinel oxides have been used in Li-O2 batteries

considering their low cost and high efficiency. Spinel oxides
consisting of transition metal atoms with multiple valence
states, such as CoMn2O4,

14,15 CuCo2O4,
16,17 and

NiCo2O4,
18,19 yield promising ORR and OER activity. Spinel

LiMn2O4 (which we abbreviate as LMO) has been extensively
studied for Li-ion batteries.20,21 Interestingly, recent studies
have revealed λ-MnO2 to have catalytic activity in water
oxidation, the λ-MnO2 having been derived from spinel LMO
following partial Li+ removal.22 The delithiation of lithium−
metal oxides (e.g., LiCoO2

23 or LMO24,25) can alter their
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electronic structures and enhance their ORR/OER activity in
aqueous electrolytes. Chen et al.26 indicated that the modestly
lithiated manganese dioxide (LixMnO2, 0 < x < 1) when acted
in a Li-O2 battery as a bifunctional catalyst, the cell showed
superior round-trip efficiency and high cyclability. However,
the electrocatalytic activity of spinel oxides affected by their
poor electronic conductivity. It is urgent that a strategy be
developed to enhance the conductivity of the material.
Graphene is not only a good conductive material but also a

well-known supporting matrix of metal-based catalyst, so it has
been widely used in Li-O2 batteries.

27,28 Nitrogen-doping is a
very useful way to modify graphene-based catalysts. Graphene
basal planes with added N-doped sites can enhance the ORR
activity and further strengthen the electronic conductivity.29,30

Sun et al.31 first demonstrated that nitrogen-doped graphene
can act in a Li-O2 battery and exhibited a higher discharge
capacity compared with undoped graphene nanosheets. In our
previous work,32 we found that the superior ORR performance
and high surface area of nitrogen-doped graphene made a great
contribution to our high performance PdM/N-rGO (M = Fe,
Co, and Ni) materials. So, the nitrogen-doped graphene should
be a perfect candidate for promoting the performance of LMO.
On the basis of the above understanding, in this work we

developed a composite electrocatalyst (LMO@N-rGO) by the
in situ growth of homogeneous LMO nanoparticles on N-rGO
via a facile hydrothermal process. Interestingly, this material
resulted in a twin Li-O2/Li-ion battery, functioning as a Li-O2
battery under the oxygen atmosphere and a Li-ion battery in
the absence of oxygen. For a Li-O2 mode, the hybrid catalyst
showed superior ORR and OER activity and yielded high Li-
O2 battery performance. In addition, this catalyst also
functioned as an outstanding cathode material for a Li-ion
battery in the absence of oxygen (its capacity reaching 80 mA h
g−1), and thus making this a twin Li-O2/Li-ion battery (Figure
1). The high twin performance of our material can attribute to

(i) high dispersion of LMO nanoparticles, assisted by the high
surface area of N-rGO; (ii) the improved Li diffusion kinetics
achieved by the small particle size of LMO and intimate
electrical contact with the porous N-rGO; and (iii) the
synergic effect between the N-rGO nanosheets and the spinel
LMO nanoparticles.

■ EXPERIMENTAL SECTION
Synthesis of N-rGO Catalyst. Graphite oxide was prepared as

our group reported before.33 To prepared reduced graphene oxide
(rGO) through a thermal treatment process under an argon
atmosphere (900 °C for 1 h), nitrogen doping of rGO was

synthesized as previously reported.31 First, the rGO powders were
heated at 900 °C (10 °C min−1) under an ammonia atmosphere for 2
h. After nitridation, the NH3 gas was immediately switched to N2 gas
and the N2 gas flow (50 mL min−1) was maintained until the sample
had naturally cooled to room temperature for collection.

Synthesis of LMO@N-rGO Catalyst. The LMO@N-rGO
catalyst was synthesized by a one-step hydrothermal process with
some modifications.34 Specifically, 0.060 g N-rGO powder was added
in 60 mL deionized (DI) water by ultrasonic dispersion for 1 h. Next,
2 mL of 1 M KMnO4 solution, 2 mL of 1 M LiOH·H2O, and 3 mL of
ethanol were slowly added into this homogeneous suspension, which
was then stirred for another 1 h. Then, this mixture was removed to
an autoclave to treat at 180 °C for 5 h. To eliminate excessive metal
ions and other impurities, these samples were washed with deionized
water and ethanol. The reaction product was dried in a freeze-drying
machine for 24 h. For comparison, the same process without adding
N-rGO was used to prepared pure LMO catalyst. Physical mixtures of
pristine N-rGO and LMO (denoted as LMO/N-rGO) cathodes were
also prepared via a simple mixing process for comparison purposes.

Materials Characterization. Our prepared materials were
characterized by FEI’s scanning emission electron microscope
(Netherlands), JEOL’s transmission electron microscope (Japan),
Tongda’s X-ray powder diffraction (China), HJY’s Lab RAM aramis
Raman spectrometer (France), and Thermo−VG Scientific’s X-ray
photoelectron spectroscopy (USA). The distribution of nanoparticles
was analyzed using the TEM’s Nano Measurer software (version 1.2).
Thermal analysis (TA) was carried out on a Q600 SDT instrument
(TA Instruments, USA) under air (10 °C min−1).

The method to prepare the characterized samples (for SEM/XPS/
TEM tests) after discharge/charge process was consistent with our
previous report.32 In order to avoid the moisture and air
contamination, an airtight box was used to transfer the samples.

Electrochemical Testing. The Li-O2 batteries were prepared as
described in our previous publication.35 The cathode electrode was
prepared as follows: the LMO@N-rGO hybrid (80 wt %) was mixed
with 20 wt % Nafion solution and stirred for 2 h to form a slurry. For
LMO/N-rGO composite electrodes, the slurry contained 80 wt %
mixed catalyst (LMO/N-rGO = 75:25 weight ratio) and 20 wt %
Nafion solution. The slurry was spread on wet-proof Toray carbon
paper and dried in vacuum. The average loading of our material was
0.20 mg cm−2. Li-O2 batteries were assembled using a 2032-type coin
cell in an Ar-filled glovebox (H2O < 1.0 ppm, O2 < 1.0 ppm). Lithium
metal of 0.35 mm thickness was conducted as the anode, and a
Whatman’s glass fiber membrane was used as a separator. The
electrolyte was 1.0 M LiN(CF3SO2)2 in tetraethylene glycol dimethyl
ether (TEGDME). Galvanostatic discharge−charge tests were
performed on Neware’s battery testing system. The specific capacity
was normalized based on the total mass of the catalyst unless
otherwise specified. Cyclic voltammetry was conducted at Ivium’s
electrochemical workstation (Netherlands).

■ RESULTS AND DISCUSSION
The XRD patterns of various catalysts are shown in Figure 2a.
The (001) peak at 10.8° for GO disappeared after heating
expansion in argon, while a broad peak at 22.0° emerged,
indicating that GO had been successfully prepared. The
identical XRD patterns of rGO and N-rGO suggest that the
rGO structure remained intact during nitridation. XPS analysis
showed the presence of N-doping in the graphene nanosheets,
owing to the ammonia reduction of GO (Figure S1, SM). All
of the diffraction peaks observed for the LMO@N-rGO sample
can be ascribed to the well-crystallized spinel phase (Fd3m,
JCPDS 35-0782),36,37 indicating that no impurities were
present. The band observed at 625 cm−1 in the Raman
spectrum of the LMO@N-rGO sample (Figure S2, SM) is
assigned to the LMO spinel phase and can be interpreted as
the symmetric Mn−O stretching mode of MnO6 octahedral
groups,38,39 indicating successful synthesis of the LMO@N-

Figure 1. Schematic of the LMO@N-rGO cathode use as a Li-O2/Li-
ion twin battery, showing its functional mechanism.
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rGO hybrid using the one-step hydrothermal method. As the
SEM image in Figure 2d shows, the LMO nanoparticles (see
Figure 2b) were well-dispersed on the surface of N-rGO and
yielded a coarse surface compared with the pristine
morphology of N-rGO (Figure 2c). Additional visual
observations obtained by EDS mapping (Figure S3, SM)

demonstrate that manganese and oxygen were homogeneously
dispersed on the N-rGO. TG measurement gives an estimated
N-rGO content of 25 wt % in the LMO@N-rGO hybrid
(Figure S4, SM).
The microstructures of our prepared materials were

characterized using TEM and HR-TEM, as shown in Figure

Figure 2. (a) XRD patterns of all the as-prepared materials. SEM images of (b) LMO nanoparticles, (c) N-rGO, and (d) LMO@N-rGO.

Figure 3. TEM images of (a) N-rGO and (b and c) LMO@N-rGO; the insets in (a) and (b) show SAED patterns, (d) HR-TEM image of LMO@
N-rGO.
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3. LMO nanoparticles (measured by TEM) with a mean
particle size of ∼9.5 nm (Figure S5, SM) were grown on the
porous graphene matrix (Figure 3b and c). The selected area

electron diffraction (SAED) pattern of LMO@N-rGO (inset
Figure 3b) reveals several diffraction rings corresponding to
LMO (111), (311), (400), (511), and (440), respectively,

Figure 4. (a) N2 adsorption−desorption isotherms of LMO and LMO@N-rGO (the inset was the pore-size distributions of these materials); (b, c,
and d) cyclic voltammetry curves with different materials at 0.3 mV s−1 (2.0−4.5 V).

Figure 5. (a) Discharge−charge profiles based on different materials at 250 mA g−1; (b) with LMO@N-rGO catalyst at different current densities;
(c) Coulombic efficiency and capacity retention ratio of Li-O2 cells at different rates with LMO@N-rGO; and (d) cyclic performance of the
LMO@N-rGO.
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which are consistent with the XRD results. The measured
interplanar spacing values of 0.48, 0.29, and 0.20 nm from the
HR-TEM image shown in Figure 3d correspond to the (111),
(200), and (400) planes of LMO, respectively.
The pore structures of the LMO and LMO@N-rGO hybrid

catalysts were characterized using N2 adsorption−desorption
isotherms (Figure 4a). The BET surface areas of the LMO and
LMO@N-rGO samples are calculated to 63.7 and 108.5 m2

g−1, respectively. The corresponding PSDs of the catalysts
determined by BJH branch based on the BJH method (inset
Figure 4a) shows that LMO@N-rGO has a higher pore density
than LMO in the 2−20 nm range, which is attributable to the
structure of N-rGO (542.6 m2 g−1, Figure S6, SM).
To study the ORR and OER activity of the synthesized

catalysts in an aprotic electrolyte, the CV method was
conducted as Figure 4b shown. It can be seen that in an O2
atmosphere, LMO@N-rGO (Figure 4d) exhibited enhanced
ORR and OER activity and stability compared to N-rGO

(Figure 4c), which confirms the merits of the composite
catalyst. In an argon atmosphere, nearly no ORR was observed
for LMO@N-rGO, other than a very small peak, which may
have been related to residual oxygen. However, the OER
performance of LMO@N-rGO was quite different, with redox
potentials between 2.70 and 3.2 V, which corresponds to the
occurrence of a two-phase transfer reaction involving cubic
LMO and tetragonal Li2Mn2O4.

37,40−42 The cubic-to-tetrago-
nal transition is due to the Jahn−Teller distortion associated
with the single electron in the e orbital of Mn3+ ions as the
average oxidation state of Mn falls below 3.5. However, the
peaks with Li-ion intercalation and extraction reaction could
not be found between 3.8 and 4.2 V. We suggest the main
reason is that the Li-ion intercalation is a parallel reaction with
decomposition of Li2O2 between 3.8 to 4.2 V, thus the
intercalation reaction is severely suppressed by the decom-
position reaction. Interestingly, in an argon atmosphere, the
LMO@N-rGO exhibited a clear peak between 3.8 and 4.2 V,

Figure 6. SEM and TEM images of the (a, b, c, and d) N-rGO cathode and (e, f, g, and h) LMO@N-rGO cathode after (a, c, e, and g) first full
discharge (to 2.0 V) and (b, d, f, and h) following recharge (to 4.4 V) (insets show SAED patterns).

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b03849
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b03849/suppl_file/sc8b03849_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.8b03849


corresponding to Li-ion intercalation and extraction.43,44 In
other words, the LMO@N-rGO cathode material was able to
act not only for a Li-O2 cell but also for a Li-ion battery.45

Once oxygen/air is supplied, the battery is a Li-O2 battery; if
no oxygen/air is supplied, it is a Li-ion battery. This
characteristic makes the battery convertible between the two
types of batteries.
Figure 5a compares the first galvanostatic discharge−charge

profiles of Li-O2 cells with our prepared cathode catalysts. Li-
O2 batteries with LMO/N-rGO and LMO@N-rGO materials
achieved specific discharge capacities of 5041.2 and 7455 mA h
g−1, respectively, with similar discharge plateaus of approx-
imately 2.70 V versus Li/Li+, which were larger than some
metal oxide cathode catalysts reported previously.46,47 It
should be noted that the capacity of the N-rGO cathode
reached 13206.2 mA h g−1, which may have been due to the
high surface area and good ORR performance brought about
by nitrogen-doping and the abundance of macrospores,
consistent with that previously reported by our group.32

Although those factors may have been beneficial for the
deposition of discharge products, this battery had the highest
recharge plateau potential, at approximately 4.305 V, which is
in agreement with previous reports.48,49 In addition, the battery
with a N-rGO cathode exhibited poor stability, as we will
discuss later.
We also measured the battery’s performance in an argon

atmosphere; interestingly, the battery’s capacity reached 80 mA
h g−1 (Figure S7, SM). Obviously, this capacity should be
attributed to the Li-ion battery behavior of the material,
indicating that LMO/N-rGO material can function in both Li-
O2 and Li-ion batteries, although its Li-ion capacity is much
lower than its Li-O2 capacity. The above analysis allows us to

conclude that the significantly enhanced discharge capacity of
the Li-O2 battery with LMO@N-rGO material should derive
from the material’s oxygen reduction ability but not its Li-ion
behavior.
Notably, the LMO@N-rGO (or LMO/N-rGO) cathode

battery showed a lower charge plateau potential than the N-
rGO battery, indicating the former’s large Coulombic efficiency
for reversible reactions. What caused such high efficiency? We
propose three possible factors: (i) the catalysis of LMO toward
the ORR and OER, especially the OER; (ii) possible lithium
extraction from LMO, which tunes its electronic properties,
surface structure, and oxidation state, making the decom-
position of Li2O2 easy;

26,50 and (iii) the synergetic interaction
of N-rGO and LMO. Importantly, the LMO@N-rGO cathode
also exhibited high charge−discharge rate capability. Under the
current densities of 375, 625, and 875 mA g−1, the discharge
capacities reached 5608, 3193, and 1910 mA h g−1, respectively
(Figure 5b), corresponding to capacity retention ratios of
75.2%, 43.0%, and 22.9% (Figure 5c). The battery preserves
nearly 80% Coulombic efficiency (the ratio of charge capacity
to discharge capacity) at all the investigated rates.
We also investigated the stability of the batteries with

various cathodes. The LMO@N-rGO-based Li-O2 battery had
a capacity retention of up to 93.7%, with a preserved capacity
of 6005 mA h g−1 after four cycles (Figure 5d). In contrast, the
capacities of the batteries with N-rGO or LMO/N-rGO as the
cathode decayed rapidly; after four cycles the capacity was less
than 20% (Figure S8, SM). This may have been due to the
continuous rise in resistance resulting from the formation of
poor reversible Li2O2 on the cathodes.
To further explore the reversibility of the various cathodes,

we disassembled the batteries with the prepared cathodes in

Figure 7. XPS spectra of (a) Li 1s, (b) O 1s, (c) C 1s, and (d) Mn 2p core peaks of the LMO@N-rGO electrode after first discharge to 2.0 V and
following recharge to 4.4 V.
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their discharged and charged states. The different charged and
discharged states of the N-rGO cathodes and LMO@N-rGO
cathodes were characterized by SEM and TEM shown in
Figure 6. After discharge, the pores inside the N-rGO electrode
were partially filled with insoluble reduction products that
exhibited a spherical, closed morphology (Figure 6a). The
TEM image in Figure 6c shows a homogeneous coating on the
discharge products that was identified as Li2O2 (see the inset
SAED pattern). After recharge, some small discharge products
still randomly remained on the N-rGO electrode (Figure 6b),
suggesting the poor reversibility of Li2O2 with the N-rGO
electrode. Indeed, residual deposition of insoluble Li2O2 on the
N-rGO cathode reduced electronic conductivity and oxygen
diffusion, leading to an increase in the cathode’s polarization
and the battery’s subsequent rapid decay. The result was quite
different with LMO@N-rGO as the cathode. After discharge, a
curly morphology and a smooth surface was obtained (Figure
6e), and SAED confirmed that the thin layer uniformly
covering the cathode’s surface was Li2O2 (inset Figure 6g). We
found that the discharge products on the surface of the LMO/
N-rGO and LMO@N-rGO cathodes could be decomposed
during the subsequent charge process, leaving numerous
bumps on the LMO/N-rGO (Figure S9b, SM) and LMO@
N-rGO electrodes (Figure 6d). Clearly, the formation/
decomposition of Li2O2 on the LMO@N-rGO cathode is a
reversible process, which contributes to the better stability of
the LMO@N-rGO electrode compared to the N-rGO
electrode. SAED (inset Figure 6h) confirmed that the surface
bumps of the recharged LMO@N-rGO electrode were
Li1−xMn2O4 nanoparticles (0 < x < 1). On the one hand,
the well-dispersed LMO nanoparticles on N-rGO increased the
utilization of the active species and facilitated the uniform
distribution of discharge products. On the other hand, the
delithiation of LMO nanoparticles altered their electronic

structures and reduced the migration path length of lithium
ions, which may have promoted the decomposition of Li2O2
on charging. With this in mind, we conducted XPS analysis to
confirm the reversibility of Li2O2 in the first cycle as shown in
Figure 7. The Li 1s region of the discharged cathode included
contributions from the underlying Li2O2 and surface lithium
carbonate species (Figure 7a) due to the electrolyte
decomposition, as reported previously by other groups.51,52

After charging, the Li 1s peaks corresponding to Li2O2
disappeared, revealing the existence of surface carbonate
species. Meanwhile, the disappearance of the Mn 2p peak
(Figure 7d) indicates that all LMO particles were covered by
discharge products, which is consistent with the SEM image
(Figure 6c). Insoluble products such as Li2O2 and inorganic
Li2CO3 can precipitate as byproducts of parasitic reactions
resulting from TEGDME decomposition53,54 and carbon
material corrosion during discharge, as reported previously.55

The reappearance of the Mn 2p peak when the batteries were
charged to 4.4 V shows that the electrochemical reaction was
somewhat reversible.
To further clarify the better cyclability of the LMO@N-

rGO-based Li-O2 battery, the cell was cycled at 375 mA g−1 in
the limited capacity of 1000 mA h g−1 (Figure 8). As expected,
the battery’s potential gradually decayed within 122 cycles
(Figure 8c), and no sudden decay was observed, unlike some
metal oxide catalysts (which have high capacity but poor
cycling stability).56−58 In contrast, in the batteries with N-rGO
or LMO/N-rGO as the cathodes, sudden decay occurred in
the 18th cycles and 28th cycles, respectively (Figure 7d).
Further, compared with previously reported spinel metal oxide-
based catalysts (Table S1),59,60 the LMO@N-rGO cathode
also exhibited much better stability/reversibility.
To test the Li-ion performance of the battery containing the

LMO@N-rGO cathode, we investigated its charge−discharge

Figure 8. Cyclic performance of Li-O2 batteries with (a) N-rGO, (b) LMO/N-rGO, and (c) LMO@N-rGO catalysts at 375 mA g−1 with a
curtailing capacity of 1000 mA h g−1; and (d) the terminal voltages as a functional of cycle number.
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behavior in an argon atmosphere (Figure 9). The initial
capacity of the LMO@N-rGO nanocomposite electrode was

81.37 mA h g−1, and the Coulombic efficiency was about 91%.
This confirmed that it functions for a Li-O2 battery and for a
Li-ion battery, giving it twin functionality.

■ CONCLUSION
In summary, we have successfully prepared a novel cathode
material via a simple one-step hydrothermal method by
growing spinel LMO nanoparticles uniformly on N-rGO
nanosheets. It is first found that a battery with LMO@N-
rGO cathode can function as a twin battery: Li-O2 battery
(with O2) and Li-ion battery (without O2). The Li-O2 cell with
LMO@N-rGO cathode exhibited high capacity (7455 mAh g
−1 at 250 mA g −1) and excellent stability (120 cycles) at a
limited capacity of 1000 mAh g−1. To act as a Li-ion battery,
the LMO@N-rGO electrode delivered a capacity of up to 80
mAh g−1. This work for the first time raises the possibility of
using LMO@N-rGO as a highly effective, low-cost cathode for
rechargeable Li-O2 battery, Li-ion battery, and possibly Li-O2/
Li-ion twin batteries, making a useful new type of battery
possible and used for certain specialized applications.
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