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ABSTRACT: An novel exfoliation strategy to few-layered graphene (FLG) combined with in situ synthesized amorphous MnOx
has been established via a facile and robust ball milling route in the presence of KMnO4. The facile synthesis approach has the
features of low cost, environmentally friendly nature and scalable capability. As an anode for lithium-ion batteries, amorphous
MnOx@FLG delivered a wonderful electrochemical performance under extremely operational conditions, that is, an excellent
reversible capacity of 856 mAh g−1 at a high current density of 1 A g−1 after 75 cycles under a high temperature of 85 °C. Those
excellent electrochemical performances could be ascribed to elaborately designed three-dimensional nanostructure, the well-
chosen electrolyte, significant incorporation of in situ Mn(IV) nanocrystal and few-layered graphene, and the contribution of
pseudocapacitance. Remarkable electrochemical performance under a widely operational temperature window makes the
amorphous MnOx@FLG composites promising anode of Li-ion batteries for heavy-duty application.

KEYWORDS: in-situ exfoliation, few-layered graphene, amorphous, lithium-ion battery, harsh environment

■ INTRODUCTION

Rechargeable lithium ion batteries (LIBs) have established
themselves as dominant roles in portable electronic devices and
electric vehicles (EVs).1−3 Conventional anode material of
graphite cannot meet the urgent demands for heavy-duty
applications because of the low theoretical capacity of 372 mAh
g−1. Transition metal oxides (TMOs, M = Mn, Ni, Cu, Fe, Co)
have been extensively exploited as promising anode materi-
als.4−7 Among them, manganese oxides were proved to be
attractive choices because of their high theoretical capacity, low
potential, high abundance and environmental benignity.8

However, successful implementation of manganese oxides has
been hindered by drastic volume changes and low electronic
conductivity, which have resulted in poor cycling stability and
inferior rate capability.9,10 To settle those issues, artificial
formation of amorphous structure appears to be an effective
strategy since the amorphous framework will be less structural
confinement than crystalline materials during the lithiation/
delithiation.11−13 Accordingly, introduction of advanced carbon
materials to amorphous manganese oxides is of great

importance in constructing designed hybrid structure to achieve
the aim of further enhancing electrochemical performance. In
previous references, MnOx/ordered mesoporous carbon,14

amorphous MnOx−C nanoparticles,15 MnOx/C nanocompo-
sites,16 and MnOx/SWCNTs17 delivered reversible capacities of
996 mAh g−1 at 50th cycle, ∼650 mAh g−1 accompanied by a
capacity retention of 93% after 130 cycles, ∼500 mAh g−1 for
100 cycles at a current density of 200 mA g−1, and 850 mAh g−1

at 100 mA g−1 after 36 cycles, respectively. Recent continuous
research, such as TiO2-doped MnOx composites

18 and MnOx@
carbon hybrid nanowire,19 have garnered the similar electro-
chemical response.
Obviously, aforementioned investigations have demonstrated

the potential application for MnOx-based materials in LIBs so
far. However, emerging large-power applications, such as
electric vehicles and static energy storage stations, strongly
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call for super batteries. For EVs, electrical energy storage
devices need to successfully endure temperatures of least at 60
°C, which is a serious burden for existing technologies.20 The
addition of a cooling system increases the overall cost of the
electronics and lowers the energy density of the EVs.21

Consequently, excellent electrochemical performances for
amorphous MnOx-based materials under harsh operational
conditions such as widely operational temperature region and
large-current density were actually appealing goals for satisfying
the urgent requirement of heavy-duty applications. Therefore,
investigations into high-temperature performance and mecha-
nism of A-MnOx/carbon composites are highly desirable, and
more arduous efforts need to be paid before the actual
application becomes possible for the special material system.
Herein, we first reported a robust ball milling method for

large-scalable fabrication of amorphous MnOx@few-layered
graphene (A-MnOx@FLG) based on the recent investiga-
tions.22 During this process, the graphite was exfoliated into
few-layered graphene, which built up highly electronically
conductive matrix. A-MnOx@FLG could be effectively operated
under high temperature of 85 °C, rendering outstanding high-
temperature performance of 856 mAh g−1 after 75 cycles at 1 A
g−1. Such an excellent performance was the result of elaborately
designed three-dimensional nanostructure, the well-chosen
electrolyte, gradual emergence of Mn(IV) nanocrystal induced
by reaction kinetics and contribution of capacitive charge
storage. We believe that our works possess obvious features as
compared with recent literatures, that is, (1) novel, scalable
synthesis method, (2) remarkable high-temperature perform-
ance, and (3) in-depth investigation into high temperature
mechanism. Those remarkable attributes enable A-MnOx@
FLG to be promising anode materials for power batteries.

■ EXPERIMENTAL METHODS
Synthesis of A-MnOx@FLG. An unique exfoliation technology of

graphite layer with high-energy ball milling approach assisted by strong
oxidant was adopted to achieve large-scalable fabrication of in situ
amorphous MnOx@few-layered graphene nanocomposites (A-
MnOx@FLG). As a typical sample, 3 g of graphite and 12 g of
potassium permanganate (KMnO4) were dispersed in 50 mL of water
with a 5:1 mass ratio of zirconia balls to the whole raw material for 48
h by a speed of rotation of 400 rpm. When the reaction finished, the
product was filtered and then washed four times with distilled water to
remove potassium-containing compounds,23 finally dried at 60 °C for
12 h to yield A-MnOx@FLG.
Characterization. X-ray diffraction (XRD) patterns were collected

through D8 Advance (Bruker AXS, Germany) with Cu Kα (λ =
0.15406 nm) radiation with an accelerating voltage of 40 kV and a
generator current of 40 mA. Raman spectrometer was implemented to

gain the Raman spectrum for the active materials (LabRAM Aramis,
HJY, France). Elemental compositions and the valence of individual
element in electrochemically active materials were explored by X-ray
photoelectron spectroscope (XPS, Kratos Axis Ultra DLD, Japan).
Transmission electron microscope (TEM) and high-resolution TEM
(HRTEM) images were gathered with JEM-2100HR electron
microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 200
kV. Nitrogen adsorption−desorption isotherm measurements (3H-
2000PS1, Baishide Co., Beijing, China) conducted at 77 K provided
data about Brunauer−Emmett−Teller (BET) surface area and
porosity. Infrared absorption spectra were measured to extract key
characteristic parameters of particles (Bruker Tensor 27, Germany).
The amount of carbon in A-MnOx@FLG was probed by
Thermogravimetric analysis (TGA) with a temperature ranging from
30 to 800 °C at a heating rate of 10 °C min−1 in air (Q600 SDT, TA
INC, American).

Electrochemical Measurements. Coin-type half-cells (CR2016)
were assembled in an argon-filled glovebox. Coating process was
employed to make work electrodes loaded on a Cu foil with mixtures
containing active materials, polyvinylidene fluoride and acetylene black
with a mass ratio of 8:1:1. And counter electrode was a lithium foil.
The separator films were commercial available (Celgard, North
Carolina, USA). The electrolyte was a solution of 1 mol L−1 LiPF6 in
designed solvents of ethylene carbonate and ethyl methyl carbonate
(30:70 by volume) with the additives of vinylene carbonate (1.5%)
and propylene sulphite (1%). Galvanostatic charge/discharge measure-
ments were operated with battery test system (Neware, BTS2300,
Shenzhen, China) ranging from 0.01 to 3 V. Electrochemical
workstation (CHI 660E, Chenhua, Shanghai, China) was adopted to
gain cyclic voltammetry (CV) and electrochemical impedance
spectroscope (EIS) signals. The potential for CV ranged from 0 to
3.0 V at a scan rate of 0.5 mV s−1, and EIS were measured in the
frequency range of 0.01 Hz−100 kHz. Note that specific capacities
were calculated based on A-MnOx@FLG nanoparticles.

■ RESULTS AND DISCUSSION
Graphite layers were here massively exfoliated with high-energy
ball milling route in the presence of KMnO4 to gather
nanoparticles comprising of exfoliated few-layered graphene
and in situ synthesized amorphous MnOx. Such a route has
presented some remarkable features of interest. Nature graphite
is allowed to undergo cooperative binding in the small area
beneath the balls during the wet-milling process,22 distinctively
making the out-of-plane displacement of each graphite layer.
The displacement enables KMnO4 solution to easily infiltrate
into the microwrinkling with capillary force, whereby MnOx is
in situ synthesized via reduction of KMnO4 by graphite.
Simultaneously, local pinning in the binding area is accordingly
formed with the help of powerful shear force. The results
increase the interfacial commensurability, further greatly
improve static friction. As a result, nature graphite integrated

Scheme 1. Schematic Illustration of the Exfoliation Process for Graphite under Wet Ball-Milling Condition
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with in situ MnOxwas successfully exfoliated by constant shear,
collecting scalable A-MnOx@FLG nanoparticles (Scheme 1).
As illustrated in Figure 1a, XRD profile of amorphous

MnOx@FLG suggested the obvious existence of graphite (PDF
No. 41-1487) with a characteristic diffraction peak of (002) at
26.6°. No diffraction peaks of crystalline manganese oxide
could be perceived for an observer, indicating the amorphous
nature of the MnOx in this composite. In addition, scalable
capability of 180 g L−1 and remarkable dispersibility were also
depicted in inset 1 and 2 in the Figure 1a, respectively, revealing
that such a method is readily scaled up for practical industrial
application. The morphology and structure of the A-MnOx@
FLG were investigated by TEM (Figure 1b). The almost
transparent graphite sheets could be explicitly recognized,
whereby we deduced an explicit fact that layer numbers of
graphite have been greatly reduced via the robust ball milling in
the presence of KMnO4. Further investigation showed that A-
MnOx nanoparticles were fully covered by few-layered
graphene nanosheets (marked with red in inset in Figures 1b
and S1). The exfoliated graphite with ∼10 vertical graphene
layers have been observed in high magnification TEM image
(Figure 1c), where interplanar spacings of 0.34 nm (inset in
Figure 1c) readily responded to (002) plane for graphite.
Amorphous nature of MnOx with irregular particle size of ∼8
nm was also verified due to the absence of obvious crystal
lattice. The specific surface area of A-MnOx@FLG charac-
terized by nitrogen adsorption and desorption isotherms at 77
K displayed the isothermal plot of the amorphous MnOx/
graphene hybrid (Figure 1d), which was a typical type IV
isotherm representing a mesoporous structure with a BET
specific surface area as high as 45.3 m2 g−1. The pore size
distribution may be indicative of numerous mesopores with

∼2.8 and 8.5 nm in diameter for corresponding product (inset
of Figure 1d), in coincidence with the TEM observations.
A sharp peak of G band at 1570 cm−1 in Raman spectra of

the A-MnOx@FLG indicated that the ordered sp2 bonded
carbon dominated the structure (Figure 2a). Peaks at 558 and
631 cm−1 (Figure 2b) were assigned to the vibration of Mn−O,
standing for the existence of MnOx.

24,25 In previous reference,
the intensity ratio of Raman D/G band was proportional to
inverse nanosheet length,26 hence intensity ratio of 0.48 for D/
G band implied the reduced size of graphene nanosheets
(Figure 2c), which was confirmed by Raman spectrum of
graphite (Figure S2), as well as the SEM image of nature
graphite (Figure S3a) and TEM image of A-MnOx@FLG
(Figure S3b). Similarly, introduction of basal-plane defects to
graphene nanosheets during ball-milled exfoliation assisted by
KMnO4 has given rise to ∼8.9 of D/D′ band intensity ratio
(Figure 2c).27,28

The oxidation state x in the amorphous MnOx was
determined by X-ray photoelectron spectroscopy (XPS)
measurements. The peaks caused from Mn (3p, 3s, 2p1/2, and
2p3/2) and O (1s) in the survey of XPS spectrum could be
assigned to MnOx (Figure 3a). The high-resolution C 1s
spectrum was showed in Figure 3b. We could attribute the large
peak at 284.5 eV to graphite carbon (C−C), and a weak peak at
286.2 eV to C−O bond, respectively. Oxygen 1s peaks were
carefully divided into two simulative signals at 529.8 and 532.0
eV (Figure 3c), assigned to the oxygen bonded with manganese
and slight oxidation of graphite sheets,29,30 respectively. Carbon
spectrum and oxygen spectrum appeared to propose the slight
oxidation of exfoliated few-layered graphene when KMnO4 was
served as oxidant as well as Mn source during ball-milled
exfoliation. High-resolution XPS analysis was utilized to explore
the valence states of the Mn (Figure 3d). The peaks of Mn

Figure 1. (a) XRD profile of A-MnOx@FLG. Inset 1: A jar with zirconia balls and products. Inset 2: Product dispersed in water with a concentration
of 1 mg mL−1. (b) Typical TEM image of A-MnOx@FLG. Inset is the enlarged part marked with red dotted frame. (c) HRTEM image of A-MnOx@
FLG. Inset is the HRTEM image of few-layered graphene. (d) Nitrogen adsorption−desorption isotherms of A-MnOx@FLG. Inset is the
corresponding pore size distribution curve of resultant A-MnOx@FLG.
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2p1/2 and 2p3/2 could be decomposed into two groups,
respectively. Two signals at 641.2 and 652.8 eV may be
indexed to Mn(II),31 while the peaks at 642.4 and 654.1 eV
corresponded to Mn (III).32 The simulating result of XPS
spectra constructively manifested that amorphous MnOx
consisted of 32.5 mol % Mn2+ and 67.5 mol % Mn3+,
respectively, whereby the average oxidation state of manganese
in amorphous MnOx could be reasonably evaluated as x = 1.34.
Thermogravimetric analysis (TGA) exhibited that there existed
40.8 wt % of carbon content in the A-MnOx@FLG composites
(Figure S4). On the basis of Raman spectra, FT-IR (Figure S5),
XPS and TG analysis, emergence of A-MnOx@FLG nano-
composites have been solidly confirmed. Therefore, the above-
mentioned observations have given strong evidence of
successful fabrication of A-MnOx@FLG nanocomposites via a
one-step and scalable high-energy ball-mill route assisted by
KMnO4 at ambient temperature. As synthesized A-MnOx@
FLG featured well-exfoliated few-layered graphene and in situ
synthesized amorphous MnOx nanoparticles.
As reported in refs 14 and 19, MnOx-based materials have

widely investigated as anode electrode for LIBs operated under
ambient temperature, exhibiting that MnOx-based materials
possessed significant potential to deal with the daily use.33,7,8

However, more harsh application environment need to be
seriously faced because Li-ion batteries containing A-MnOx@
FLG may be utilized in some extreme fields such as space
exploration, extremely environmental adventure, volcanic
observation and so on.34 Unfortunately, relevant researches
are rarely for oxide-based anode materials to date. Therefore,
in-depth exploration of electrochemical response capability for
A-MnOx@FLG under high-temperature becomes of great
importance and actual emergency.
To form stable SEI under high temperature, we have

elaborately chosen electrolyte additive, that is, vinylene
carbonate and propylene sulfite. As reported by Mao et al.,35

the sulfite-containing additive gave rise to stable cycling

Figure 2. Raman spectra of A-MnOx@FLG: (a) Survey spectrum, (b)
with range from 300 to 1000 cm−1, and (c) with range from 1200 to
1700 cm−1.

Figure 3. XPS spectra for (a) survey, (b) C 1s, (c) O 1s, (d) Mn 2p of A-MnOx@FLG.
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performance at 60 °C, where vinylene carbonate was
considered as the most effective additive.36 We believed that
elaborately chosen electrolyte was an important factor for
enhanced electrochemical performance for corresponding
electrode.
To better understand the different electrochemical features

of A-MnOx@FLG electrode under different temperature
windows, EIS of electrode cycled at a current density of 200
mA g−1 was measured at two typical temperature points, that is,
25 and 85 °C (Figure 4a). After the first cycle, the significant
small radius of semicircle measured at the 85 °C was observed
to occur in the high frequency region of EIS plot, suggesting
that A-MnOx@FLG hybrid showed a decreased charge transfer
resistance (Rct) at 85 °C based on equivalent circuit diagram
(Figure S6 and Table S1). Notably, merged resistance of Rsf+ct
decreased to 1.77 Ω at 50th cycle under 85 °C from 3.29 Ω at
first cycle (inset 1 in Figure 4a and Table S1), suggesting that
high conductivity of electrode has appeared after 50 cycles. In a
low frequency region, 60.23° of line slope at EIS plots under 85
°C could be perceived (inset 2 in Figure 4a), higher than that of
53.75° yielded in room temperature, implying faster Li+

diffusion and strengthened capacitive-like behavior.37 Those

enhanced electrochemical behaviors, i.e., reduced resistance,
fast Li+ diffusion and improved capacitive-like performance
under high temperature, were still perfectly maintained after 50
cycles. In fact, we have reported that several materials, such as
FeS2,

38 MnO@MnFe2O4,
39 and Co9S8

40 possessed a powerful
capability in providing enhanced electrochemical performance
under high temperature. Motivated by this enhanced kinetics,
we drew much attention to other electrochemistry behaviors,
and looked forward to discovering further amazing performance
for A-MnOx@FLG.
It is much in evidence that operational temperatures have

explicitly exercised subtle influence over the conductivity of
corresponding electrodes made of A-MnOx@FLG, whose
temperature-dependent performances were deeply investigated
to highlight their superior electrochemical feature (Figure 4b).
A-MnOx@FLG electrodes were activated for 5 cycles at room
temperature, with an initial Columbic efficiency of 57%.
Subsequently, the electrode afforded a reversible capacity of
654 mAh g−1 at the first cycle and 973 mAh g−1 at the 50th
cycle at 85 °C under a current density of 0.2 A g−1, with an
increasing capacity of 6.46 mAh g−1 per cycle, giving an almost
100% Columbic efficiency upon each cycle. The increasing

Figure 4. (a) Nyquist plots of A-MnOx@FLG hybrid measured at the temperature 25 and 85 °C, respectively, after 1 and 50 cycles at room
temperature. Inset 1: Enlargement of green frame. Inset 2: Slope lines in low frequency region under 25 and 85 °C for the first discharge/charge,
respectively. (b) Cycling performance and columbic efficiency of the A-MnOx@FLG at 85 °C after being activated for 5 cycles at the room
temperature, respectively. (c) The specific capacity of A-MnOx@FLG under different temperatures at a current density of 200 mA g−1. (d) Rate
performance of the prepared A-MnOx@FLG at 85 °C. (e) Cyclic Voltammograms of the A-MnOx@FLG electrodes at 0.5 mV s−1 under 85 °C. (f)
Galvanostatic discharge and charge curves at the first, 10th and 50th for electrodes operated under a current density of 200 mA g−1 at 85 °C after
being activated for 5 cycles.
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trend was due to the improved electrochemistry kinetics
(above-mentioned increased conductivity) during cycling and
the gradual emergence of Mn(4+) derived from electro-
chemical reaction according to the references.7,41 Subsequently,
A-MnOx@FLG electrode was operated at a large current
density of 1.0 A g−1, rendering a discharge capacity of 856 mAh
g−1 after 75 discharge/charge cycles, with a capacity retention
of 105%. Interestingly, A-MnOx@FLG materials could be
cycled at a current density of 1−1.5 A g−1, exhibiting an
excellent long-term cycling stability (Figure S7). The high-
temperature performance has also been observed in other
materials such as red phosphorus-graphene nanosheets,42

Li4Ti5O12−TiO2 hybrid
43 and our previous works.38−40 More

importantly, the reversible capacity of cells could be recovered,
that is, ∼650 mAh g−1 at a current density of 0.2 A g−1, after
they have undergone such severe temperature environments. As
intriguing comparisons, A-MnOx@FLG electrode rendered a
remarkable reversible capacity of 1012 mAh g−1 after 300 cycles
under a current density of 200 mA g−1 at room temperature
(Figure S8) and an average charge capacity of 80.7 mAh g−1

after 50 cycles at a current density of 50 mA g−1 even at
temperature of −25 °C (Figure S9).
Influence of operational temperature on electrochemical

performance of A-MnOx@FLG electrode has been further
investigated at a current density of 200 mA g−1 (Figure 4c). As
the temperature increased from 25 to 85 °C, reversible capacity
of MnOx@FLG has significantly increased owing to the
enhanced electrochemical behaviors at high temperature.
However, when the temperature exceeded 85 °C, the capacity
change became unobvious. After operated at 105 °C for 7
cycles, the reversible capacity of 611 mAh g−1 could be
successfully recovered as electrode was operated at ambient
temperature. Considering practical application and boiling
point of solvent in electrolyte, we elaborately chose the 85 °C
as the typical temperature point in our study.
After 50 cycles under 85 °C at a current density of 200 mA

g−1, rate performance of the A-MnOx@FLG electrode was
further investigated (Figure 4d), delivering an average capacity
of 961 mAh g−1 at a low rate of 0.2 A g−1. Subsequently, the
electrode still possessed a robust capability in retaining an
average reversible capacity of 627 mAh g−1 even at a high
current density of 1.5 A g−1. After rapid discharge/charge, a
reversible capacity of 998 mAh g−1 could be recovered when a
current density backed to 0.2 A g−1, being indicative of a
wonderful electrochemical reversibility at elevated temperature.
Above results have demonstrated that A-MnOx@FLG

possessed remarkable electrochemical performance under 85
°C, that is, reversible capacity of 973 mAh g−1 at 50th cycle at a
current density of 0.2 A g−1 and 856 mAh g−1 at 1 A g−1 after
next 75 cycles under a high temperature of 85 °C. The
origination of the excellent electrochemical performance has
aroused our much attention.
Cyclic voltammetry (CV) was adopted to understand the

root cause of superior electrochemical performance of A-
MnOx@FLG under high temperature of 85 °C (Figure 4e).
The CV profiles have showed intriguing and attractive
characterizes to a careful observer. In the first cathodic cycle,
a reduction peak at 0.29 V (Figure S10) would be attributed to
the reduction of Mn element from higher oxidation state to
lower oxidation state such as Mn(0),33 and the formation of
SEI film.15 It was perceived to upshift to 0.32 V in the
succedent cycles. In the anodic scan, a sharp peak observed at
0.18 V would be ascribed to deintercalation of lithium ions

between graphite layers. A broad oxidation peak at 1.18 V could
define itself as the result of oxidation of metallic Mn to Mn2+.8

Interestingly, an oxidation peak at ∼2.30 V has grown to a
distinguishable level even at the first cycle. More importantly, it
finally became stable when electrodes were sequentially
operated after 50 cycles (Figure S10), suggesting that the
electrochemically synthesized Mn4+ appeared to be reversible
during Li-cycling. As a strong contrast, such an oxidation was
previously expected to gradually occur after 150 cycles under
ambient temperature (inset in Figure S11).
There exist two intriguing features in the CV profile. (1) The

improved Li-reaction kinetics motivated by heat energy would
enormously accelerate reaction speed of electrochemical
oxidation, leading to the early emergence of Mn(0) in cathodic
scanning and Mn4+ in anodic sweep. (2) It is of great
importance to note that almost unchangeable potential
difference (ΔE) of ∼0.86 V (ΔE = Eoxidation − Ereduction)
collected at 85 °C is significant low (Figure 4e), as compared
with that of 1.13 V at room temperature (Figure S11).
Decreased potential difference signified the reduced polar-
ization of the electrode,44 which should reasonably result in an
excellent reversibility and improved electrochemical perform-
ance.
To further expound electrochemical mechanism, galvano-

static discharge/charge cycling profiles of the A-MnOx@FLG
operated at 85 °C were examined at a current density of 0.2 A
g−1 (Figure 4f). An explicitly observable plateau at 0.48 V in the
first discharge process corresponded to the reduction of MnOx
to metallic Mn. In the first charge curve, a plateau at around
1.11 V could be considered as the consequence of the oxidation
of metallic Mn to Mn2+. An obvious plateau at 2.25 V would be
apperceived, which could be ascribed to further oxidation of
Mn2+ to Mn4+, exactly agreeable with those in CV observation.
An emerging platform at ∼1.04 V was of clear recognition in
the subsequent discharge curves, where reduction of Mn4+ to
Mn2+ has served itself as a contributor for the platform.7 After
50 cycles, the charge plateaus at 2.25 V and the discharge
plateaus at 1.04 V were nearly inclined in shape, implying a
typical characteristic of double-layer capacitor.45

We further identify the capacitive contributions to the total
capacity based on previously reported approach.46−48 Cyclic
voltammetry examinations for the A-MnOx@FLG were carried
out to analyze the electrochemical transport kinetics with
varying sweep rates at the high temperature of 85 °C (Figure
5a). The current response (i) at a fixed potential (V) was
consisted of two parts, that is, diffusion-controlled insertion
(k2ν

1/2) and capacitive effects (k1ν).
49 Owing to that k1 and k2

are fixed at specific potentials, we should utilize the currents at
different sweep rates to calculate the k1 and k2 according to the
equation i (V) = k1ν + k2ν

1/2, where ν is the sweep rate.
Thereby, it is quite possible to make a distinction between
diffusion-controlled Faradaic intercalation and capacitive
process at a specific potential.
The capacitive current was showed at a sweep rate of 0.1 mV

s−1 at 85 °C (shaded region in Figure 5b), suggesting estimated
27.9% capacitive contribution to the total capacity. The
separation of the capacitive effect and diffusion-controlled
contribution were displayed in Figure 5c. The results depicted
that the capacity contribution of capacitive behavior increased
from 27.9% to 45.1% with sweep rate from 0.1 to 0.8 mV s−1,
which implied that capacitive charge storage played a significant
role in the total capacity, especially at high scan rates. The high
contribution of capacitive effect in our case might be ascribed to
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the amorphous nature of MnOx, which provided more cation/
anion vacancies, void spaces, cluster gaps or interstitial sites for
lithium storage.50,51 The process about the calculation of
capacity contributed by capacitive-controlled behaviors was
shown in Figure S12. As a result, the root cause of increased
capacity after 50 cycles would be not only the appearance of
Mn (IV), but also the contribution of capacitive charge storage.
After 50 cycles under a current density of 200 mA g−1 under

85 °C, the morphology of active materials was detected by
TEM images. As showed in Figure 6a and Figure S13a−13b,
the charged active materials in A-MnOx@FLG electrodes were
strongly believed to have experienced an obviously chemical
pulverization and structural rearrangement. Monodispersed
regular crystal nanoparticles of about 2 nm, instead of
amorphous particles, have uniformly anchored on carbon
matrix, dispelling electrochemical agglomeration during charge/
discharge. Interplanar spacing of 0.209 nm (the inset of Figure
6a) and the selected area electron diffraction (SAED) (Figure
6b) might imply the existence of MnO2, agreeable with the
results by above-mentioned CV and galvanostatic discharge/
charge profiles. Crystal nanoparticles were also observed to
appear in discharged active materials (Figure 6c and Figure
S13c−13d), where appearance of metallic Mn grains has been
affirmed by interplanar spacing of 0.213 nm (the inset of Figure

6c) and SAED profile (Figure 6d). It is worth noting that
Figure 6d also showed the typical 6-fold symmetric diffraction
spots, which is an important characteristic of few-layered
graphene sheets.52 Such a stable interconnected 3D nanostruc-
ture not only improves the electronic conductivity but also
accommodates volume expansion. In brief, the amorphous
MnOx particles have electrochemically changed into corre-
sponding crystal nanoparticles during lithiation/delithiation,
leading to enhanced kinetics. In previous works, electrochemi-
cally synthesized MnO2 has been affirmed by XPS.7,8 We
believed that this is the first TEM observation of electrochemi-
cally induced crystal transformation of MnOx to MnO2 based
on MnOx electrodes. Such a crystal change was also observed in
amorphous vanadium oxide/molybdenum oxide.11

There exist several striking features in this work. (1) A facile,
environmentally friendly route to A-MnOx@FLG has been
established, demonstrating a robust competence in providing a
scalable preparation strategy to meet the rigorous requirement
of possible industrial application. As reported in a recent
reference,53 increase in the electrode thickness effectively
decrease the cost per kWh. As-prepared A-MnOx@FLG
possesses obvious advantages of high volumetric specific
capacity (i.e., 1721 mAh cm−3 after 75 cycles at a current
density of 1 A g−1) as compared with the commercial graphite
(Figure S14), allowing for more cathode materials loaded on
current collector. As a result, low cost and large energy for LIBs
were highly expected when A-MnOx@FLG was utilized in
power battery; (2) The improved Li-reaction kinetics and
reduced polarization of the electrode led to enhanced reversible
capacity and an excellent reversibility for corresponding
electrodes under high temperature; (3) The capacity
contribution of capacitive behavior played a significant role in
the total capacity, especially at high scan rates; (4) Electro-
chemically synthesized nanocrystals were reconstructed and in
situ anchored on elastic FLG network to maintain structural
integrity for corresponding electrodes, effectively accommodat-
ing volume expansion and improving the electronic con-
ductivity; (5) The well-designed electrolyte was believed to
possess a robust capability in forming stable SEI films under
high temperature, resulting in excellent electrochemical
performance. As a consequence, A-MnOx@FLG could be
normally operated at ultrahigh temperature of 85 °C, delivering
a superior reversible capacity of 856 mAh g−1 at a current
density of 1.0 A g−1 after 75 cycles.

■ CONCLUSIONS
In summary, we have established a wet ball-milling process to
synthesize A-MnOx@FLG nanomaterials, which were sub-
sequently utilized as advanced anode materials, rendering an
outstanding high-temperature performance of 856 mAh g−1 for
A-MnOx@FLG after 75 cycles at 1 A g−1 under 85 °C. The
remarkable high-temperature electrochemical characteristic of
A-MnOx@FLG could be ascribed to elaborately designed three-
dimensional nanostructure, the well-chosen electrolyte, the
emergence of Mn4+ and the contribution of capacitive effects.
Significant incorporation between in situ electrochemically
synthesized nanocrystal from amorphous MnOx and few-
layered graphene robustly accommodate volume expansion of
active materials. Those distinct features make A-MnOx@FLG
promising anode materials for power battery at extreme
conditions. And such a synthesis strategy has a great potential
for easily large-scale implementation and can be extended to
other lithium storage materials.

Figure 5. (a) CV curves of A-MnOx@FLG at different scan rates
ranging from 0.1 to 0.8 mV s−1 after 50 cycles under a current density
of 0.2 A g−1 at 85 °C. (b) CV profile with the capacitive contribution
to the total current shown by the shaded; (c) The capacity
contribution at different scan rates.
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