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High-capacity and long-life lithium storage
boosted by pseudocapacitance in three-
dimensional MnO–Cu–CNT/graphene anodes†

Junyong Wang, Qinglin Deng, Mengjiao Li, Kai Jiang, Zhigao Hu * and
Junhao Chu

Boosting the lifespan of MnO-based materials for future lithium ion batteries is one of the primary chal-

lenges due to the intrinsic low ionic conductivity and volume expansion during the conversion process.

Herein, superior lithium storage in a new quaternary MnO–Cu–CNT/graphene composite has been

demonstrated, which is boosted by pseudocapacitance benefitting from the three-dimensional CNT/gra-

phene and nanosized Cu additives. Such architecture offers highly interpenetrated porous conductive

networks in intimate contact with MnO–Cu grains and abundant stress buffer space for effective charge

transport upon cycling. The ternary MnO–Cu–graphene electrode contributes an ever-increasing revers-

ible capacity of 938.3 mA h g−1 after 800 cycles at 0.8 A g−1. In particular, the quaternary MnO–Cu–CNT/

graphene electrode demonstrates a high specific capacity of 1334 mA h g−1 at 0.8 A g−1 after 800 cycles

and long lifetimes of more than 3500 cycles at 5 A g−1 with a capacity of 557.9 mA h g−1 and close-to-

100% Coulombic efficiency. The boosted pseudocapacitive lithium storage together with the simple

material fabrication method in a MnO–Cu–CNT/graphene hybrid could pave the way for the develop-

ment of high-capacity and long-life energy storage devices.

1. Introduction

Lithium ion batteries (LIBs) play an unparalleled role in the
markets of consumer electronics and newly emerging large-
scale applications owing to their high energy density, long life-
span and no memory effect.1–4 Problematically, the current
commercial graphite anode with a low theoretical specific
capacity of 372 mA h g−1 and poor rate performance no longer
satisfies the growing demand of stronger power and higher
energy densities. Therefore, enormous investigations have been
dedicated to the exploitation of high-capacity and long-cycle-life
anode materials, such as Si,5,6 metal,7,8 transitional metal
oxides,9–12 and sulfides.13–15 Among them, manganese oxides
have attracted extensive attention due to their environmental
benignity, resource abundance, low conversion potential, low
voltage hysteresis (<0.7 V), and high theoretical capacity.16–18

Particularly, MnO can deliver a high energy density of 5.43
g cm−3 due to its lower electrochemical motivation force value

of 1.032 V vs. Li/Li+, thereby highlighting itself as one of the
most promising anode materials for LIBs.19,20 Unfortunately,
like other metal oxide anodes, the realization of the application
of MnO-based materials as LIB anodes is hampered by the un-
avoidably decayed capacity upon cycling and inferior rate cap-
ability, mainly induced by the intrinsically sluggish kinetics,
self-aggregation and the drastic volumetric change during the
repeated charge/discharge process.21,22

To this end, substantial efforts have been devoted to design
advantageous structures and fabricate hybrids with conductive
agents to alleviate the above problems of MnO-based anode
materials. One effective strategy is hybridizing or coating metal
oxides with functional carbon materials such as graphene,23–25

and carbon nanotubes (CNTs), which is favorable for amelior-
ating the electrical conductivity, alleviating the volume expan-
sion and increasing the electrode/electrolyte contact area. In
addition, the sagacious design of nanostructures such as
three-dimensional (3D) hierarchical hybrid architecture can
effectively relieve the structural strain induced by the cycling
process and accelerate the diffusion of lithium ions for provid-
ing additional channels.26,27 Moreover, incorporating tran-
sition metal nanocrystals into MnO-based materials boosts the
stability of the conversion reactions and high rate capability by
preventing the aggregation of active materials and improves
the electron transfer kinetics for high active surface/inter-
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face.28,29 This novel and simple material design strategy has
been realized in other metal oxides-based anode materials for
high performance lithium storage.30

Despite these great endeavors, however, the rate perform-
ance and long-term cycling stability are still unsatisfactory for
promising LIB application due to its intrinsically slow solid-
state lithium diffusion. Compared with the conventional
diffusion-controlled storage, pseudocapacitive storage can
greatly boost the rate capability and lengthen the battery life
through fast faradaic charge-transfer reactions including
surface redox reactions and bulk fast ion intercalation.31,32 So
far, capacitive-like storage has been realized in various metal
oxides (Nb2O5, V2O5, TiO2, etc.) with enhanced electrochemical
performance.33–35 Particularly, MnO-based materials with
pseudocapacitive storage have also been prepared in recent
years. For example, conformal nanoscale MnO/graphene exhi-
bits an upward trend of reversible capacity, which was mainly
assigned to the extra interfacial lithium storage.36 RGO–MnO–
RGO sandwich nanostructures with enhanced pseudocapaci-
tance have been demonstrated as advanced anodes for LIBs by
combining the surface-controlled and diffusion-controlled be-
havior simultaneously.37 Therefore, modifying surface pseudo-
capacitance to achieve high-rate capability and long-term
stability lithium storage for MnO-based anode materials is of
significant importance.

Herein, we demonstrate highly reversible and long-life
lithium storage boosted by the pseudocapacitance behaviour
originating from the novel quaternary MnO–Cu–CNT/graphene
composite, which was identified by qualitative kinetic analysis.
The formation of nanosized Cu and MnO grains anchored on
three-dimensional CNT/graphene networks efficiently elevates
the kinetics of charge transfer during conversion reactions.
Such purposely engineered interconnected architecture can
adapt well to the volume variation, prevent the aggregation of
MnO and boost the transport rates of lithium ions into the
internal parts of the electrode matrix. In particular, the
enlarged accessible surface area and unique porosity contrib-
ute significantly to the pseudocapacitive storage due to the
well-developed electrode–electrolyte contact and mass-trans-
portation channels. All these merits result in encouraging
electrochemical performance including highly stable reversi-
bility and long cycle life at high current density in the MnO–
Cu–CNT/graphene hybrid.

2. Experimental
2.1. Material preparation

Graphene oxide (GO) was prepared by the oxidation of natural
graphite flakes following a modified Hummer’s method. CNTs
were obtained from XFNANO Materials Tech Co., Ltd (Nanjing,
China) and treated in a mixture of concentrated H2SO4/HNO3

(3 : 1) at 80 °C under constant magnetic stirring for 2 h. The
as-prepared CNTs were purified by centrifuging and washing
with deionized (DI) water to remove the residual acid and then
the acidified CNTs were obtained upon vacuum drying at

60 °C. The CNT/graphene networks were prepared by using a
homogeneous GO/CNTs suspension. Briefly, 20 mg CNTs was
first added to 20 mL DI water and then intensively ultra-soni-
cated using an ultrasonication probe (1000 W) for 20 min to
form a uniform suspension. After that, 30 mL GO aqueous dis-
persion (2 mg mL−1) was added into the as-prepared CNT
aqueous dispersion under stirring until a homogeneous
mixture was obtained. The mixture was then intensively ultra-
sonicated to form a homogeneous CNT/graphene suspension.

The MnO–Cu–CNT/graphene (CG) composite was prepared
using a one-step process. In a typical procedure, 1 mmol
Mn(Ac)2·4H2O and Cu(Ac)2·H2O were dissolved in the as-
prepared GO/CNT suspension under magnetic stirring for 2 h.
Then, the pH of the mixed solution was adjusted by adding
4.4 g NaOH and stirred for another 2 h. The solution was
sealed in a 100 mL Teflon-lined stainless steel autoclave at
180 °C for 24 h. After the autoclave cooled down to room temp-
erature, the black products were collected and washed with DI
water and absolute alcohol alternately. The final samples were
vacuum-dried at 60 °C for 12 h and annealed at 600 °C in a
tube furnace under a N2 atmosphere for two hours. For com-
parison, MnO–Cu–graphene (G), MnO–graphene (G) and other
MnO–Cu–CNT/graphene with different Cu content were pre-
pared while keeping other conditions constant.

2.2. Materials characterization

X-ray diffraction (XRD) analyses were performed on a Bruker
D8 diffractometer equipped with Cu-Kα radiation (λ =
1.5418 Å) at a scanning speed of 10° min−1 from 10° to 80°.
The N2 adsorption/desorption isotherms, Brunauer–Emmett–
Teller (BET) surface area and DFT pore size distribution were
measured by a TriStar II 3020 instrument. X-ray photoelectron
spectroscopy (XPS) was conducted on a RBD upgraded
PHI-5000C ESCA system (PerkinElmer) with Mg-Kα radiation
(hν = 1253.6 eV). Scanning electron microscopy (SEM) images
were obtained on a PHILIPS XL30TMP system. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
were performed on an FEI Tecnai G20 TEM at an operation
voltage of 200 kV.

2.3. Electrochemical characterization

The lithium ion storage behavior of the as-prepared materials
was studied in 2032 coin-type cells by using lithium foil as the
counter electrode and Cellgard 2400 as the separator. Cell
assembly was carried out in an Argon-filled glovebox with the
concentrations of the moisture and oxygen below 1 ppm.
LiPF6 (1 M) dissolved in ethylene carbonate/dimethyl carbon-
ate/ethyl methyl carbonate (1 : 1 : 1, in vol) was used as the elec-
trolyte. The working electrodes were prepared by pasting homo-
geneous slurries consisting of the as-prepared materials
(70 wt%), acetylene black (20 wt%), and polyvinylidene fluoride
binder (10 wt%) dissolved in N-methyl-2-pyrrolidone onto a
pure Cu foil, followed by vacuum drying at 100 °C for 12 h. The
mass loading of the active material in the electrode was
∼0.8 mg cm−2. The galvanostatic charge and discharge tests
were conducted on a Land CT 2001A battery testing system in
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the potential window between 0.02 and 3.0 V vs. Li/Li+. Cyclic
voltammetry (CV) tests were conducted on a CHI660D electro-
chemical workstation at various scan rates in the voltage range
of 0.02–3.0 V vs. Li/Li+. Electrochemical impedance spectroscopy
(EIS) was performed by applying a sine wave with an amplitude
of 5 mV over the frequency range from 100 kHz to 0.01 Hz.

3. Results and discussion

The crystal structures and morphologies of the MnO–G,
MnO–Cu–G and MnO–Cu–CG composites were characterized.
The XRD patterns are shown and compared in Fig. 1a. Sharp
diffraction peaks at 2θ = 34.9°, 40.6°, 58.8°, 70.3° and 73.9°
can be indexed to the (111), (200), (220), (311) and (222) diffr-
action planes of cubic phase MnO (JCPDS# 07-0230), respect-
ively, revealing the good crystallinity of MnO in the as-prepared
composites. For MnO–Cu–G and MnO–Cu–CG, two major
peaks at 43.3° and 50.5° corresponding to the (111) and (200)
planes were observed, indicating the existence of crystalline
Cu. It is also noted that the broad hump at 23° is in accord
with the characteristic peak (002) of graphite and the weak
diffraction peak at about 26.5° is assigned to CNTs in the
MnO–Cu–CG composite.25 N2 absorption–desorption isotherms
were obtained to evaluate the porosity of the MnO–Cu–CG archi-
tecture structure. As shown in Fig. 1b, a type IV with hysteresis
loops between the adsorption and desorption isotherm curves

represents the mesoporous characteristics. The Barrett–Joyner–
Halenda (BJH) method was applied to calculate the pore-size
distribution. The result shows the mesopores with a size of
4.5 nm. The Brunauer–Emmett–Teller (BET) result confirms
that the surface area is 59.9 m2 g−1 for the MnO–Cu–CG com-
posite, much higher than that for MnO–Cu–G (19.0 m2 g−1,
Fig. S1†) and MnO–Cu–CNT (16.0 m2 g−1, Fig. S2†). Such
mesoporous architecture with a high surface area is favorable
for efficient electrolyte penetration and rapid lithium ion
diffusion. Moreover, it is also able to accommodate the volume
expansion of MnO during the charge/discharge process, which
is highly favorable for the electrochemical performance
enhancement as an electrode. X-ray photoelectron spec-
troscopy (XPS) analyses were performed to further examine the
chemical state and composition. The characteristic peaks of
C 1s, O 1s, Cu 2p and Mn 2p were observed in a wide scan
spectrum in Fig. S3,† further confirming the successful syn-
thesis of MnO–Cu–CG. Fig. 1c reveals the high resolution spec-
trum of C 1s, which can be resolved into three peaks centered
at 284.6, 286.1 and 288.8 eV, corresponding to the sp2-hybri-
dized graphite carbon, C–O and CvO,24,38 respectively. The
high resolution spectrum of Mn 2p (Fig. 1d) exhibits two peaks
at 642.1 eV for Mn 2p3/2 and 653.5 eV for Mn 2p1/2, a typical
characteristic of the MnO phase.26

For better observation of the morphology and architecture
of the MnO–Cu–CG, MnO–Cu–G, and MnO–Cu composites,
SEM and TEM were performed. As shown in Fig. 2a and

Fig. 1 (a) XRD patterns of the as-prepared MnO–Cu–CG, MnO–Cu–G and MnO–G composites; (b) N2 adsorption–desorption isotherms of the
MnO–Cu–CG composite, inset shows the pore size distribution curve; (c) high resolution XPS spectra of C 1s for the MnO–Cu–CG composite; and
(d) high resolution XPS spectra of Mn 2p for the MnO–Cu–CG composite.

Paper Nanoscale

2946 | Nanoscale, 2018, 10, 2944–2954 This journal is © The Royal Society of Chemistry 2018

Pu
bl

is
he

d 
on

 0
3 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 E

as
t C

hi
na

 N
or

m
al

 U
ni

ve
rs

ity
 o

n 
24

/0
2/

20
18

 0
6:

40
:0

2.
 

View Article Online

http://dx.doi.org/10.1039/c7nr08191j


Fig. S4,† all as-prepared materials exhibit dense morphology
with closely packed particles. In particular, the MnO–Cu–CG
nanocomposite shows an interconnected feature with MnO–
Cu aggregations well distributed in the CNT/graphene carbon
nanoframeworks. The magnified SEM image of Fig. 2b,
marked by a dotted orange square in Fig. 2a, further reveals
that the MnO–Cu–CG composite is actually an aggregation of
many small grains with a size of 50–100 nm. These ultrafine
MnO nanoparticles supported on the conductive networks are
favorable for the diffusion of lithium ions.39 The TEM image
in Fig. 2c further confirms that the multiscaled MnO–Cu
grains are anchored to the graphene matrix and the CNTs are
cross-linked with graphene sheets. The magnified TEM image
in Fig. 2d reveals the well-mixed MnO and nanosized Cu in
intimate contact with each other. The high resolution TEM
(HRTEM) image (Fig. 2e) clearly demonstrates the existence of
primarily nanocrystalline MnO and Cu. Each MnO nano-
particle exhibits single crystalline feature with fine lattice
fringes of 0.252 and 0.225 nm, corresponding to the (111) and
(200) plane of MnO, respectively. The lattice spacing of
0.208 nm can be indexed to the (111) plane of Cu. Specifically,
the energy dispersive X-ray spectroscopy (EDS) mapping
images in Fig. 2f further reveal the uniform distribution of the
Mn, Cu, O and C elements in the whole network, suggesting
the homogeneous distribution of the MnO and Cu nano-
particles across the CNT/graphene matrix.

For evaluating the electrochemical performance, MnO–Cu–
CG, MnO–Cu–G, and MnO–G were investigated as anode
materials of lithium-ion batteries. As shown in Fig. 3a–c, the
three electrodes show similar CV behaviors in the first five

cycles, indicating the electrochemical inertness of metallic Cu
and CNT to lithium. Fig. 3a reveals that a spiculate peak at
about 0.1 V along with a slope peak at 0.45 V are found in the
first cathodic scan, in accordance with previous reports.22,36 In
this process, two kinds of reaction take place: (1) the reversible
redox reaction of MnO to metallic Mn (MnO + 2Li+ + 2e− →
Mn + Li2O) and (2) the irreversible reaction associated with the
electrolyte decomposition and formation of the solid electro-
lyte interface (SEI) layer. However, this cathodic peak shifts to
high voltage in the following cycles, representing the improved
kinetics and an irreversible phase transformation of the micro-
structure. It stems from the reduction of manganese oxides
and the formation of Li2O in the hybrid electrode.40,41 The oxi-
dation peak centered around 1.3 V contributes to the oxidation
reaction of metallic Mn to MnO (Mn + Li2O → MnO + 2Li+ +
2e−), which remained after further cycling.22 Meanwhile, the
weak oxidation peak at about 2.1 V corresponds to the further
oxidation of Mn2+ to higher oxidation states due to the
boosted charge-transfer kinetics and the reaction activity in
the electrode, which can contribute extra reversible capacity
for the MnO–Cu–CG electrode.18,37 Moreover, the subsequent
CV curves of the MnO–Cu–CG electrode are apt to overlap as
compared with the MnO–Cu–G and MnO–G electrode, indicat-
ing the gradually increased cyclic durability of the electro-
chemical reaction for the MnO–Cu–CG electrode.

To elucidate the electrochemical kinetics of the active
materials, CV curves at various sweep rates were determined.
Fig. 3d–f present the representative CV curves of the MnO–Cu–
CG, MnO–Cu–G, and MnO–G electrodes at various sweep rates
ranging from 0.1 to 1.0 mV s−1, respectively. All the redox

Fig. 2 (a) SEM and (b) high-magnification SEM images of the MnO–Cu–CG composite; (c) TEM and (d) high-magnification TEM images of the
MnO–Cu–CG composite; (e) HRTEM image of the MnO–Cu–CG composite; and (f) element mapping of the MnO–Cu–CG composite for C, Cu, O,
and Mn.
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peaks with no significant shape change could be clearly
observed; however, the peak voltage shifts with the sweep rate
for MnO–Cu–CG are quite small in comparison with that of
MnO–Cu–G and MnO–G. According to the power-law relation-
ship between the measured current (i) and the scan rate (ν): i =
aνb, it can be used to analyze the degree of the capacitive effect
qualitatively from the slope value (b) of the plots of log(ν)–
log(i).42 In particular, a b value of 0.5 represents a diffusion-
controlled lithium storage process whereas a b value of 1 stems
from a typical surface-controlled lithium storage process.42

The log(ν) − log(i) plots for the MnO–Cu–CG electrode are dis-
played in Fig. 3g. For scan rates ranging from 0.1 to 2.0
mV s−1, the b values of the cathodic and anodic peaks are 0.87
and 0.88, respectively. It confirms that the performance of
lithium storage in the MnO–Cu–CG electrode presents capaci-
tive characteristics, conducing to improve the rate capability of
active materials. Upon increasing the scan rate to 2.0 mV s−1

and above, a decrease in the slope is observed with the b value
changing to 0.68 and 0.65 for the cathodic and anodic peaks,
respectively, indicating that slow diffusion accounts for the

electrochemical kinetics of the electrode. This limitation of
kinetics can be attributed to the increase in the ohmic contri-
bution and diffusion constraints at large sweep rates.33,35

Specifically, the corresponding log(v)–log(i) plots of the MnO–
Cu–G and MnO–G electrodes were determined to investigate
the functions of the nanosized Cu and CNT on the pseudo-
capacitive storage, as shown in Fig. 3h and i. The significantly
boosted b values of the MnO–Cu–G electrode compared to the
MnO–G electrode demonstrates the fast reaction kinetics of
the pseudocapacitive effect, indicating that the incorporation
of Cu could promote the charge transfer kinetics in correspon-
dence of the MnO/Cu and MnO/graphene interface.30

Meanwhile, the higher b values of MnO–Cu–CG than that of
MnO–Cu–G, particularly in large sweep rates, indicates
enhanced pseudocapacitance contribution in the MnO–Cu–CG
electrode. It demonstrates that the presence of CNTs with high
electrical conductivity and large surface area can provide a flex-
ible pathway for fast charge transfer, which is beneficial to
surface-controlled lithium storage, conducing to improve the
rate capability and cycling stability.

Fig. 3 (a–c) CV curves of the MnO–Cu–CG, MnO–Cu–G, and MnO–G electrodes at a scan rate of 0.5 mV s−1 in the range of 0.02–3.0 V vs. Li/Li+;
(d–f ) CV curves of the MnO–Cu–CG, MnO–Cu–G, and MnO–G electrodes at various sweep rates; and (g–i) determination of the b value using the
relationship between peak current and scan rate for the MnO–Cu–CG, MnO–Cu–G, and MnO–G electrodes.
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The galvanostatic charge/discharge measurements in the
range of 0.02–3.0 V are shown in Fig. 4a–c. Obviously, the
MnO–Cu–CG electrode delivers an initial discharge and charge
capacity of 1113.6 and 772.1 mA h g−1, respectively, with a
Coulombic efficiency of 69.3% at 0.1 A h−1. Such initial irre-
versible capacity loss may be caused by the formation of a SEI
layer resulting from electrolyte decomposition and the reaction
of the remaining oxygen containing functional groups on
CNT/graphene with lithium ions. Despite the initial capacity
loss, the well-overlapped charge/discharge profiles after the
first cycle demonstrate the excellent reversibility of the MnO–
Cu–CG electrode. Interestingly, a discharge capacity of
856.7 mA h g−1 is retained after 50 cycles (Fig. 4b). In contrast,
the MnO–Cu–G electrode achieves a moderate reversible
capacity of 718.8 mA h g−1. Meanwhile, the MnO–G electrode
can deliver a high initial discharge and charge capacities of
1239.9 mA h g−1 and 736.7 mA h g−1, respectively, in the first
cycle; however, the capacity retention fades considerably. The
reversible capacity of the MnO–G electrode only remained at
538.7 mA h g−1 after 50 cycles. Fig. 4c shows the rate perform-
ances of the MnO–Cu–CG, MnO–Cu–G and MnO–G electrodes.
The MnO–Cu–CG electrode could deliver a reversible capacity
of 749.5, 710.6, 684.4, 627.2, 565.5, 503.1 and 432.4 mA h g−1

at 0.05, 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 A g−1, respectively. When
the current density goes back to 0.1 A g−1 after 44 cycles, a
specific capacity of 783.4 mA h g−1 is still recoverable and sus-
tainable up to 861.7 mA h g−1 after 70 cycles, highlighting the

strong tolerance for the fast charge/discharge process. In com-
parison, the MnO–Cu–G and MnO–G electrodes exhibit rela-
tively inferior rate performance and poor stability. Such
superior performance of MnO–Cu–CG can be mainly attribu-
ted to the synergistic effect of CNT/graphene networks and
nanosized Cu. The presence of metallic nanocrystals with high
electrical conductivity could improve the charge transfer kine-
tics and prevent the aggregation of active materials. The inte-
gration of graphene and porous CNTs provides a large active
surface area for pseudocapacitive storage and a flexible
pathway for fast charge transfer, as well as the supportive back-
bone to strengthen the structural integrity. In order to further
understand the improved rate capability and cycle stability of
the MnO–Cu–CG composite electrode, EIS measurements were
conducted for different electrodes. The corresponding Nyquist
plots are shown in Fig. 4d. All EIS spectra exhibit a semicircle
in the high–medium frequency region and a straight/sloping
line in the low frequency region, consistent with the charge
transfer process and the semi-infinite Warburg diffusion
process, respectively.43 Obviously, the smallest radius of the
semicircle and the steepest line for the MnO–Cu–CG electrode
indicate the rapid charge transfer and the lithium ion
diffusion kinetics benefitted from the unique structure with
multi-dimensional carbon networks and conductive nanosized
copper, leading to increased electrochemical performance.

Furthermore, a series of comparative electrochemical
measurements were also conducted to investigate the effect of

Fig. 4 (a) Galvanostatic charge/discharge curves of the MnO–Cu–CG electrode at 0.1 A g−1; (b) cycling performance of the MnO–Cu–CG, MnO–

Cu–G and MnO–G electrodes at 0.1 A g−1 for 50 cycles; (c) rate performance of the MnO–Cu–CG, MnO–Cu–G and MnO–G electrodes at various
current densities; and (d) Nyquist plots of the MnO–Cu–CG, MnO–Cu–G, and MnO–G electrodes.
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Cu and acetylene black content on the lithium storage of the
MnO–Cu–CG electrode. MnO–Cu–CG obtained with 0.05, 0.10,
and 0.15 g of Cu(Ac)2·H2O was successively denoted as MnO–
0.05Cu–CG, MnO–0.10Cu–CG, and MnO–0.15Cu–CG, respect-
ively. The rate performance of the MnO–Cu–CG samples with
different Cu content is shown in Fig. S5.† It can be seen that a
typical MnO–Cu–CG (MnO–0.10Cu–CG) delivers an average
capacity as high as 756 mA h g−1 at 0.1 A g−1, far higher than
590 mA h g−1 for MnO–0.05Cu–CG and 614 mA h g−1 for
MnO–0.15Cu–CG. At a high rate, the capacity of MnO–0.10Cu–
CG is a little less than that of MnO–0.15Cu–CG. Despite the
lower initial discharge capacity, the more presence of Cu in
the composites resulted in more excellent capacity retention,
which can be attributed to the highly electronic conductivity of
Cu. In general, the MnO–0.10Cu–CG composite shows the best
performance combination of high capacity and rate capability

at the whole range of current density. In order to better evalu-
ate its natural electrochemical properties, different addition
content of acetylene black in the preparation of electrode were
made and tested, as shown in Fig. S6.† It can be clearly seen
that the rate capability of the MnO–Cu–CG electrode with
added 10 wt% acetylene black is still competitive with the
MnO–Cu–G electrode with added 20 wt% acetylene black,
although there is a decline, further suggesting that MnO–
Cu–CG has the intrinsic fast and efficient transfer kinetics for
boosting lithium storage.

To further demonstrate that the ability of the MnO–Cu–CG
electrode is practically applicable for LIBs, a long-term cycling
test of a typical MnO–Cu–CG was conducted at a current
density of 0.8 A g−1 and the result is shown in Fig. 5a.
Interestingly, the cycling process of the MnO–Cu–CG electrode
seems to include four different stages based on the variation

Fig. 5 (a) Cycling performance comparison between the MnO–Cu–CG and MnO–Cu–G electrodes at 0.8 A g−1. Galvanostatic charge/discharge
curves of the MnO–Cu–CG electrode for (b) stage A, (c) stage B, (d) stage C, and (e) stage D.
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of the specific capacity as illustrated in Fig. 5b–e. Stage A:
From the first cycle to the 130th cycle, a clear drop in specific
capacity is recorded (Fig. 5b). The discharge capacity at the
first cycle is 741 mA h g−1, which goes through a fading down
to 465 mA h g−1 after 130 cycles. Stage B: In the range of
130–175 cycles, the specific capacity stabilizes, and the voltage
profiles of the 140th, 160th and 180th cycles overlap comple-
tely in the whole voltage range (Fig. 5c), exhibiting close-to-
99% Coulombic efficiency. Stage C: Till the 500th cycle, the
electrode is activated and exhibits an ever-increasing lithium
storage capacity. The charge–discharge profiles of the 175th,
225th, 325th, 400th and 475th cycles are shown in Fig. 5d,
which clearly shows the capacity rise behavior. Stage D:
Beyond the 500th cycle, a nearly constant capacity with close-
to-100% Coulombic efficiency can be observed. The galvano-
static charge/discharge curves of the 500th, 600th, 700th and
800th cycles overlapped completely in the whole voltage range
(Fig. 5e), demonstrating the purely reversible electrochemical
reaction and the superior cycling stability of the MnO–Cu–CG
electrode. Such a capacity fading–reactivation phenomenon is
commonly observed in nanostructured metal oxide electro-
des.44,45 The capacity loss is induced by the fluctuation of the
SEI film and the decomposition of the electrolyte. The conse-
quent increase in capacity is due to the gradual activation of
MnO induced by the gradually opened lithium ion transport
channel,46 the formation of an electrochemically active gel-like
film,36 the transformation of MnO into small size nanograins
upon cycling,27 and the generation of higher oxidation state
manganese by Li2O oxidation.21 Moreover, the high surface
area and porosity of MnO–Cu–CG contribute significantly to

the capacitive-like lithium storage with further cycling, result-
ing in a steadily strengthened pseudocapacitance even greater
than the theoretical capacity value of MnO.45 In the same case,
the MnO–Cu–G electrode can only possess a lower capacity of
938.3 mA h g−1 after 800 cycles but goes through more cycles
to achieve stability. Moreover, the cyclic capacity and stability
of the MnO–Cu–CG electrode at 3.2 A g−1 over 2000 cycles are
also superior to those of the MnO–Cu–G electrode (Fig. S7†),
further confirming that the addition of CNTs with special pro-
perties is useful to improve the electrical conductivity and
surface pseudocapacitive storage.

Encouraged by the intriguing electrochemical performance
presented above, rate testing at an even higher current density
of 8 A g−1 was conducted. As shown in Fig. 6a, the MnO–Cu–CG
electrode still delivers high average reversible capacities of 776,
690, 626, 564 and 471 mA h g−1 when cycled at current den-
sities of 0.1, 0.5, 1, 2 and 5 A g−1, respectively. Impressively, an
average discharge capacity of 409.5 mA h g−1 can be achieved
even at an ultrahigh current rate of 8 A g−1, which is demon-
strated in the charge and discharge curves in Fig. S8.†
Moreover, the reversible capacity could swiftly return to
804 mA h g−1 when the current was switched from 8 to 0.1 A
g−1, indicating a superior restorability. Such boosted electro-
chemical properties can be attributed to the unique intrinsic
structure characteristics of uniform anchored multiscaled
MnO–Cu grains in the surface of 3D conductive networks. In
addition to the ultrahigh rate capability, the unique architec-
ture also endows MnO–Cu–CG with remarkable cycling stabi-
lity at ultrahigh current density, as demonstrated in Fig. 6b.
Tested at 5 A g−1, the capacity undergoes a fading down in the

Fig. 6 (a) Rate performance of the MnO–Cu–CG electrode at various current densities; (b) cycling performance and Coulombic efficiency of the
MnO–Cu–CG electrode cycled at 5 A g−1 for 3500 cycles, at 0.05 A g−1 for the first three cycles; and (c) TEM, (d) high-magnification TEM, and (e)
HRTEM images of the MnO–Cu–CG electrode after 3500 cycles at 5 A g−1.
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initial 200 cycles, following the increase in capacity to
662.2 mA h g−1. With prolonged cycling over 3500 cycles, the
MnO–Cu–CG electrode can still deliver a stable reversible
capacity as high as 557.9 mA h g−1 with nearly 100%
Coulombic efficiency. The comparison of the lithium storage
property of the MnO–Cu–CG electrode and that of the pre-
viously reported MnO-based anode materials has been sum-
marized in Table 1.

To investigate the relationship between microstructure fea-
tures and cycling stability, the TEM analysis of the MnO–Cu–
CG electrode after 3500 cycles at 5 A g−1 was carried out. As
shown in Fig. 6c, the closely packed MnO–Cu grains are
anchored to the CNT/graphene networks after extended
cycling processes. The nanostructures among the MnO–Cu
hybrids and the supported conductive CNT/graphene could act
as fast channels for ion and electron transport in the MnO
crystals, promoting the reaction kinetics of the conversion
reactions. The magnified TEM image in Fig. 6d shows that the
nanosized MnO–Cu nanoparticles (dark zones) are well dis-
persed on the conductive matrix (bright zones) and there is no
clear cluster aggregation in the electrode. The nanosized Cu
effectively suppresses the Mn coarsening in the lithiated MnO
during cycling, which maintained fast interdiffusion kinetics
between the nanoscale Mn/Li2O interfaces. Moreover, the con-
ductive networks accommodate well the large volume change
of MnO and provide large reaction sites on the surface area,
resulting in boosted pseudocapacitive storage. As shown in
Fig. 6e, the HRTEM image further reveals that the cycled elec-
trode is largely in an amorphous state except for some
embedded Cu and MnO nanocrystals with small dimensions
of around 2–3 nm, enabling spatially confined high and fast

charge storage for capacity reactivation due to the downsizing
effect.39,46

The above results evidently suggest that the 3D MnO–Cu–
CG electrode exhibits high capacity, impressive long life and
rate performance, which can be ascribed to the synergistic
effects of nanosized Cu and unique interconnected conductive
networks. The highly conductive Cu and CNT/graphene could
facilitate the fast charge transport for electrochemical reac-
tions over shorter distances and minimise excessive stress
developing in the electrode during cycling. In addition, the
MnO particles in the MnO–Cu–CG composite can be refined to
nanosize after cycling, resulting in relatively small volumetric
strain and stress upon cycling. Moreover, the interpenetrated
CNT/graphene networks provide enlarged accessible surface
area and multidimensional pathways. It is more suitable for
the full contact between the electrode and the electrolyte and
the transportation of lithium ions into the internal parts of
the electrode. In particular, the nanosized Cu and conductive
framework could synergistically improve the transfer kinetics
for high active surface/interface and prevent the aggregation
of MnO, ensuring long-life stability and excellent rate
performance.

4. Conclusions

In conclusion, a quaternary hybrid MnO–Cu–CNT/graphene
has been constructed to pursue high rate capability and long
lifetimes in MnO-based anodes for LIBs. It has been demon-
strated that the well-distributed ultrafine MnO–Cu grains on
3D conductive networks successfully inhibit MnO coarsening
to achieve fast charge transfer and sufficient sites for electro-
chemical reaction in high active surface/interface, resulting in
highly reversible conversion reactions and boosted pseudo-
capacitive storage. The simply prepared MnO–Cu–CG electrode
delivers an ultrahigh capacity (1334.2 mA h g−1) and an excel-
lent rate capability (409.5 mA h g−1 at 8 A g−1) as well as a
superior cycling performance (557.9 mA h g−1 over 3500 cycles
at 5 A g−1). It is hoped that the excellent electrochemical per-
formance of the simple fabricated MnO–Cu–CNT/graphene
composite opens up a new avenue toward the development of
similar conversion-type anode materials for large capacity and
long lifespan lithium storage.
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MnO-based materials
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[A g−1]
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[times] Ref.

MnO/C spheres 0.2 1040 500 20
3D MnO/C–N 0.3 513 400 41
MnO@C/RGO 0.38 863 160 24
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MnO@N–C/rGO 2.0 425 1300 40
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