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An acid-treated reduced graphene oxide/Mnz0O,
nanorod nanocomposite as an enhanced anode
material for lithium ion batteriest
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and Yuanzhe Piao (& *2¢

This work describes the preparation of an acid-treated reduced graphene oxide/MnzO4 nanorod (ArGO/
MnzO4 NR) nanocomposite using a simple mixing and heat treatment of acid-treated graphene oxide
(AGO) and MNnOOH nanorods (MNOOH NRs). The as-prepared ArGO/MnzO4 NR sample shows a higher
performance as an anode material than bare MnzO,4 nanorods (MnzO4 NRs) and reduced graphene
oxide/Mnz04 nanorods (rGO/MnzO,4 NR) in Li-ion batteries (LIBs). The electrochemical performance
reveals that the ArGO/MnzO,4 NR electrode retains a higher reversible capacity of 749 mA h g~* after 100
cycles at a current density of 200 mA g~ In addition, the electrode mixed with ArGO delivers a stable
capacity of 412 mA h g* at a high current density of 2000 mA g~! while bare MnzO4 NR and rGO/
MnzO4 NR deliver 173 and 318 mA h 9*1, respectively. With the advantages of facile preparation and
improved electrochemical properties, the ArGO/MnsO,4 NR electrode can be a promising candidate as

rsc.li/rsc-advances

Introduction

Rechargeable Li-ion batteries (LIBs) for green and sustainable
energy storage are considered as the most promising power
source, from portable electronics to electric vehicles."* Despite
the fact that LIBs have attracted great concern due to high
power density (150 W h kg ') and high energy density
(400 W h L"), graphite is not able to meet the customers’ ever
increasing requirements with its limited specific capacity
(372 mA h g~ ") and poor rate capability. Accordingly, great efforts
have been focused on searching for advanced anode materials
with high capacity, good rate capability, and long cycle life.*®
In the early 1980s, cobalt, iron and copper oxides®™* have
been used as cathodes in primary batteries. Recently, many
transition metal oxides such as manganese, cobalt and iron
oxides have been further studied because of their fascinating
performance as anode materials in LIBs. Among these
metal oxides, Mn;O, delivers a high theoretical capacity
(937 mA h g~ 1),*** which is almost three times as high as that
of graphite materials. Furthermore, manganese has many
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a high-performance anode material for LIBs.

advantages such as low discharge potential, high abundance,
low cost, low toxicity.”®° In the light of the properties of
manganese, Mn;O, possesses a great potential as a promising
anode material for LIBs. However, this anode material still
suffers from large volume expansion, pulverization, poor elec-
trical conductivity (~10" to 10°® S em ") and unstable solid
electrolyte interface (SEI) formation during Li insertion/extrac-
tion.*»'>**> To overcome the above disadvantages, many new
researches have been attempted in order to tackle these prob-
lems, for example Mn;0, with the conductive carbon surface,
composites with graphene or CNTs, mesoporous Mn;O, nano-
tubes and sponge-like Mn;O,4 nanostructures,'»*>16:23-28
Carbon materials, such as amorphous carbon, carbon
nanofibers and carbon nanotubes, have proved to be a useful
strategy to improve the cycling stability and the overall capacity
of the transition metal oxides in LIBs because of their unique
buffering ability. Recently, graphene, a single-atom-thick and
two-dimensional sheet of carbon, has been suggested as the
potential matrix to support transition metal oxides because of
its good electrical conductivity, excellent mechanical strength,
and high specific surface area.>*° Therefore, intensive research
has been carried out to investigate the effect of graphene on the
electrochemical performance of metal oxides. The results have
shown that the cycling stability and the overall capacity of these
oxides could be considerably improved by mixing them with
graphene. In this regard, previous researches such as SnO,/
graphene, Mn;0,/graphene have been reported to demonstrate
the improved electrochemical performance.”*'** Yang et al.*
showed that the SnO,/graphene nanocomposite presented
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Scheme 1 Schematic preparation of nanocomposite.

a reversible capacity of 942 mA h g~ ' at a current density of

100 mA g~ " after 80 cycles. Ding et al.*® reported that Mn;0,/
graphene showed a capacity of 500 mA h g~ " at 60 mA g~ " after
100 cycles. The rGO/Mn;0, electrode reported in ref. 34 deliv-
ered a reversible capacity of 1294 mA h g~ " at 100 mA g~ " after
100 cycles. As a result, graphene-metal oxide nanocomposites
are expected to be good candidates as anode electrodes in LIB.

In recent years, nanostructured electrode materials have
been widely developed due to their improved electrochemical
performance for LIBs. Among nanostructured electrode mate-
rials, one dimensional (1D) nanomaterials not only has a large
surface-to-volume ratio but also provides efficient 1D electron
transport pathway and short Li-ion diffusion length, which can
improve the electrochemical performance in LIBs.'®** Further-
more, introduction of in-plane pores on graphene provides
a high density of cross-plane Li" diffusion channels, so that
reduced graphene oxides by acid treatment exhibits excellent
electrochemical performance.?**”

The effect of the acid-treated reduced graphene oxide on the
electrochemical Li-storage properties of Mn;0,, however, has
been rarely reported. In this work, we demonstrate the prepa-
ration of ArGO/Mn;0, nanocomposites by simple mixing and
thermal treatment (Scheme 1). Mn;O, NR in the nano-
composites has a high aspect ratio and is homogeneously
distributed between ArGO. This structure is effective to improve
electrochemical performance due to the presence of various
new pores between Mn;O, NR and ArGO to provide open
channels and pathways for Li ions. As a consequence, ArGO/
Mn;0, nanocomposites exhibits a high reversible capacity and
cycling stability. The ArGO/Mn;0, nanocomposites is expected
to present obviously improved electrochemical properties
compared with bare oxides and reduced graphene oxide-
wrapped manganese oxide nanorods.

Experimental section

Preparation of graphene oxide and acid-treated graphene
oxide

The modified Hummers' method was used to synthesize gra-
phene oxide (GO) from graphite powder (<20 micron,
Aldrich).*®* The general synthetic procedure of GO consisted of
pre-oxidation and oxidation. In the pre-oxidation step, 3 g of
graphite in 80 mL of sulfuric acid (H,SO,4, 95-98%, Aldrich) was
mixed with 2.5 g of potassium persulfate (K,S,0g, 98.0%,
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SAMCHUN) and phosphorus pentoxide (P,Os, 97.0%, Aldrich).
This solution was stirred and heated at 95 °C for 5 h. After the
solution is naturally cooled down, it was vacuum-filtered and
washed with DI water several times and freeze-dried overnight.
In the oxidation step, 15 g of potassium permanganate (KMnO,,
99.3%, Aldrich) was slowly added to 120 mL of sulfuric acid
solution with the obtained powders while the acid solution was
in an ice bath. After the solution was reacted at 80 °C for 4 h,
hydrogen peroxide (H,O,, 30.0-35.5%) was added to it. The
color of the solution was instantly changed from dark brown to
yellow. Lastly, the mixture solution was vacuum-filtered,
washed and rinsed with diluted HCI solution (1:10 volume
ratio) and DI water to remove impurities and neutralize, fol-
lowed by freeze-drying for 24 h. Acid-treated graphene oxide
(AGO) was synthesized by using the process developed by Shi's
group.*® Typically, 250 mg of GO was immersed in 250 mL of
nitric acid solution (4 M) and refluxed at 100 °C for 1 hour. The
resulting solution was washed several times with DI water to
neutralize, and then it was freeze-dried.

Synthesis of MnOOH nanorod

MnOOH nanorods were prepared by a hydrothermal method.*
KMnO,, polyethylene glycol 400 (H(OCH,CH,),OH, PEG-400,
SAMCHUN) and DI water were prepared to obtain MnOOH
NR. Typically, 0.3 g of KMnO,, 7.5 mL of PEG-400 and 60 mL of
DI water were stirred for 30 min until the color of the solution
was changed to purple brown. The mixture in a 100 mL Teflon-
lined stainless steel autoclave was heated at 160 °C for 3 h in an
electric oven. Finally, the brownish product was obtained and
washed several times with DI water and ethanol.

Fabrication of Mn;O, NR, rGO/Mn;0, NR and ArGO/Mn;0,
NR

Mn;0, NR, rGO/Mn;O, NR and ArGO/Mn;0O, NR were fabri-
cated using a simple mixing and heat treatment. GO (or AGO)
and MnOOH NR (3:1 weight ratio) were homogeneously
dispersed in DI water using sonication for 30 min followed by
drying at 60 °C in an electric oven. The bare and mixed powders
were heated in a tube furnace at 400 °C for 5 h under N,
atmosphere.

Material characterization

High-resolution transmission electron microscopy (HR-TEM,
JEOL JEM 2100F) was performed to characterize the morphol-
ogies at an accelerating voltage of 200 kV. Field-emission
scanning electron microscopy (FE-SEM, Hitachi S-4800) was
used to examine the surfaces at an accelerating voltage of 0.5-30
kv. X-ray diffraction patterns of the samples were measured on
an X-ray diffractometer (XRD, BRUKER D8 Advance) with Cu K,
radiation (¢ = 1.54 A) at a scan rate of 2° min~'. Brunauer-
Emmett-Teller (BET) specific surface areas (SSA) and pore-size
distribution were calculated by N, absorption/desorption
isotherms on a BELSORP apparatus and Barrett-Joyner-
Halenda (BJH) method, respectively.

RSC Aadv., 2017, 7, 37502-37507 | 37503
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Electrochemical measurements

CR2016-type coin cells were assembled in an Ar-filled glovebox and
tested for the electrochemical performance. The electrolyte was
1 M LiPFs solution in a mixture of ethylene carbonate and
dimethyl carbonate (1 : 1 volume ratio). The working electrode was
fabricated by mixing 70 wt% of active material (samples), 10 wt%
of binder (PVDF) and 20 wt% of conductive carbon (Super P).
These materials were mixed with the n-methyl-2-pyrrolidinone
(NMP) and coated onto the Cu foil by a doctor blade. After
drying at 60 °C in a vacuum oven for 2 h, the coated foil was
compressed and cut into circular electrodes. Electrodes were
dried overnight at 120 °C in a vacuum oven and transferred to
an Ar-filled glove box. All the cells were galvanostatically tested
at 200 mA g~ between 0.01 and 3.0 V versus Li/Li" (WBCS3000
cycler system, Wonatech, Korea). Cyclic voltammetry (CV) tests
were also conducted at a scan rate of 0.1 mV s~ ' between 0.01
and 3.0 V.

Results and discussion

Fig. 1 shows the XRD patterns of MnOOH, Mn;0,, rtGO/Mn;0,
and ArGO/Mn;0, NR. The diffraction peaks of MnOOH NR can
be indexed to a mixture of y-MnOOH and Mn;0,. The results
indicate that MnOOH NR is comprised of predominant vy-
MnOOH and some Mn;O,. In the case of Mn;O, NR, it consists
of two phases as Mn;0, and Mn;Og indicating that the only
MnOOH NR without GO or AGO is not completely reduced to
Mn;0,4 NR. On the other hand, the XRD peaks of rGO/Mn;0,
and ArGO/Mn;0, nanocomposites match well to Mn;O, haus-
mannite (JCPDS no. 24-0734). The diffraction peaks at 18.0°,
28.9°, 31.0°, 32.3° 36.1° and 38.1° can be assigned to (101),
(112), (200), (103), (211) and (004) planes of the tetragonal
Mn;0,. As observed, the peaks of rGO and ArGO is not distin-
guished due to a lower content and intensity than those of
Mn;0,4 NRs. It can be reasonably deduced from the results that
MnOOH NR including GO and AGO is more completely trans-
formed to Mn;O, NR.

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

10 2.0 3.0 4‘0 5.0 GID 7.0 80 10 2‘0 3.0 4‘0 5.0 6.0 7ID 80
2 Theta (0) 2 Theta (6)

Fig. 1 XRD patterns of (a) MNOOH NR, (b) MnzO4 NR, (c) rtGO/MnzO4
and (d) ArGO/Mnz0Og,.
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Fig.2 (a) Nitrogen adsorption/desorption isotherms and (b) pore-size
distribution of MnzO4 NR, rGO/Mnz0O4 and ArGO/Mn3zQO4,.

Fig. 2 presents the nitrogen adsorption/desorption isotherms
and pore-size distribution of Mnz;0,, rGO/Mn;O, and ArGO/
Mn;0,4 NR. As shown in Fig. 2a, the isotherm of the ArGO/Mn;0,
NR nanocomposite was classified as type IV with an H3 hysteresis
loop. ArGO/Mn;0, NR exhibits a higher SSA than bare Mn;0, and
rGO/Mn;0, NR because of the restrained aggregation of the
nanorods and the introduction of acid-treated graphene nano-
sheet with a relatively large SSA. According to BJH data, the pore-
size distribution and pore volume for ArGO/Mn;0, NR are much
higher than those for bare Mn;O, and rGO/Mn;O, NR. It is
believed that ArGO is contributed to SSA and pore volume.

Fig. 3 displays SEM images of MnOOH, Mn;0,, rGO/Mn;0,
and ArGO/Mn;0O, NR. It demonstrates that MnOOH NR was
transformed to Mn;0,4 NR without any deformation during heat
treatment. After AGO (or GO) and MnOOH NR were reduced,
a ArGO (or rGO)/Mn;0, sandwich-like structure was finally
formed due to the restacking of the hydrophobic graphene
nanosheet in Fig. 3c-f. This sandwich-like structure acts as
a strain buffer for volume changes of Mn;O, NR during the
electrochemical reaction.*? In addition, the 1D structure of the

Fig.3 SEM images of (a) MNOOH, (b) MnzOy, (c, d) rGO/MnzO4 and (e,
f) ArGO/MnzO4 NR.

This journal is © The Royal Society of Chemistry 2017
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Fig.4 TEM and HR-TEM images of (a, b) rGO/Mnz04 and (c, d) ArGO/
MH304 NR.

nanorods provides a short diffusion length for Li-ion and elec-
tron transport along the 1D direction. Through the transparent
rGO and ArGO, it is clear that Mn;O, NR is confined in between
graphene nanosheets, which provide the pathway and open
channel for Li-ions and electrons, respectively. A large contact
interface between electrode and electrolyte is also formed in
this structure. Furthermore, Fig. 3c-f clearly indicates that
Mn;0,4 NR in the nanocomposite is uniformly distributed and
continuously interconnected with rGO and ArGO. As a conse-
quence of the ArGO (rGO)/Mn;0, NR structure, it is anticipated
that the electrolyte wettability over the entire nanocomposite
and an effective diffusion for lithium ions and electrons is
favorable. The morphology of the ArGO/Mn;O, NR after 100
cycles was also characterized by SEM as shown in Fig. S1.f
Mn;0, nanorods still retains their 1D structure and SEI around
them is observed. It confirms that ArGO nanosheets function as
buffer layers to prevent the volume change of Mn;O, NR.

The crystalline structure and morphology of Mn;0,, rGO/
Mn;0, and ArGO/Mn;0, NR were further studied by TEM and
HR-TEM, as shown in Fig. 4. Without any structural variation,
Mn;0,4 NR (Fig. 4a) was formed after heat treatment, which is
well matched with SEM results (Fig. 3a and b). In HR-TEM
image of rGO/Mn3;O, and ArGO/Mn;O, NR (the inset of
Fig. 4d and f), Mn;0, NR clearly have crystal lattice fringes of
0.31 and 0.27 nm, corresponding to the (112) and (103) planes,
respectively.

Cyclic voltammetry (CV) tests were performed at a scan rate
of 0.1 mV s~ between 0.01 and 3 V to understand the redox
reactions to Mn;0, NR, rGO/Mn;0, NR and ArGO/Mn;0, NR as
anode materials. The 1%, 22, 5% and 10" of CV curves for all
electrodes are presented in the Fig. 5a, ¢ and e. In the first cycle
of the Mn;0, NR electrode, a broad cathodic peak in the range
of 0.5-1.9 V was observed and disappeared in the following
cycles, which is ascribed to the formation of solid electrolyte
interfaces (SEI) due to the electrolyte decomposition®* and the
reduction of Mnz0,4 (Mn*") to MnO (Mn>").*® In addition, the
strong cathodic peak centered at 0.035 V is attributed to the
reduction of MnO (Mn**) to Mn (Mn°). After the first cycle, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Cyclic voltammograms and charge—discharge profiles of (a, b)
MnzQOy, (¢, d) rGO/Mnz04 and (e, f) ArGO/MnzO4 NR.

reduction peak shifts from 0.035 to ca. 0.35 V because of the
structural transformations during the first discharge.'****” The
anodic peak at 1.3 V corresponds to the oxidation of Mn to
MnO." For the Mn;O, NR electrode, this peak intensity
decreases drastically which means the poor reversibility. As
shown in the Fig. 5¢c, the CV curve for the rtGO/Mn;0, demon-
strates the effect of reduced graphene oxides when Mn;O, NR is
mixed with rGO. Unlike the Mn;0, electrode, the reversible
capacity of the rGO/Mn;0, electrode is pronouncedly enhanced.
In the case of the ArGO/Mn;0, electrode, there is another
anodic peak at 2.34 V which is related with the further oxidation
of MnO to Mn;0,.'**>17192348% Furthermore, the cathodic peak
at 1.65 V is clearly observed and associated with the reduction of
Mn;0, to MnO. It is anticipated that lithium ions may easily
pass through graphene sheets without detouring. As a result of
the CV curves, ArGO/Mn;0, electrode displays a higher revers-
ible capacity than Mn;0,4 and rGO/Mn;0, electrodes. Based on
the CV analyses and the previous studies,* the mechanism for
the electrochemical conversion reaction between Li and Mn;O,
can be expressed by the following equation:

Mn;0, + 8Li* + 8¢~ < 3Mn + 4Li,O

Fig. 5b, d and f shows the 1, 2™ 5™ and 10" charge-
discharge curves for all electrodes at a current density of 200 mA
g ' between 0.01 and 3 V. The curves are well-matched with the
previous reports on'>'®'®**7 the charge-discharge trend of
Mn;0, anodes. During the first discharge, the voltage plateau at
1.25 V is sloping down to 0.27 V, which is mainly attributed to

RSC Adv., 2017, 7, 37502-37507 | 37505
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the SEI formation and the initial reduction of Mn;O, to
MnO."** The long voltage plateau from 0.27 V to 0.01 V indi-
cates that MnO is further reduced to Mn."* After the first cycle,
the plateau at 0.27 V moves up to 0.45 V, which implies that
lithium ions can readily react with MnO in the following cycles.
On the other hand, the voltage plateau at 1.25 V results from the
oxidation of Mn to MnO while the electrodes are charging.*

Mn;0,, rGO/Mn;0, and ArGO/Mn;0, electrodes deliver a first
discharge capacity of 1060, 1100 and 1130 mA h g~ " and then
a reversible capacity of 556, 695 and 778 mA h g™, respectively.
The ArGO/Mn;0, electrode exhibits a lower initial irreversible
capacity of 32% than those of 48 and 37% for Mn;0, and rGO/
Mn;0, electrodes, respectively. The capacity loss for the first cycle
is mainly due to the SEI formation by the decomposition of
electrolyte and the large volume change which is the common
phenomenon relating to the conversion reaction for anode
materials. Coulombic efficiency (CE) increases to 98% after 3
cycles. The reversible capacity reaches to 749 mA h g~ " after 100
cycles, higher than other anode materials.

Among all electrodes, the ArGO/Mn;0, electrode presents
the most excellent reversibility because acid-treated reduced
graphene oxides have the performance of the electrode
improved. Consequently, the ArGO/Mn;0, electrode has more
stable and reversible charge-discharge process than other
electrodes due to acid treatment of graphene oxide, which may
promote the transportation for lithium ions and electrons
through ArGO sheets.

The cycle performance tests of electrodes were performed at
a current density of 200 mA g~ * and the results were given in
Fig. 6a. The initial charge capacity is 778 mA h g™, and there-
after, the capacity decreases gradually. However, it is interesting
that a gradual increase of capacity is also observed after the
capacity reaches a minimum capacity. A high capacity of 749
mA h g~ " is achieved after 100 cycles. This capacity variation has
been reported on many transitional metal oxides, particularly
nanostructured Mn,O,.**~** Lowe and co-workers proposed that
the extra capacity may be contributed to a capacitive-like charge
storage.> Yonekura et al. suggested that the increasing capacity
was caused by the degradation of electrolyte.>® This phenom-
enon, proposed by J. M. Tarascon, might be related to the
reversible growth of a polymeric gel-like film catalyzed by 3d
metals.*® The capacity increases that comes from activation of
electrode materials could be another possibility. In other words,
small nanoparticles not only increase the surface area but also
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active sites for lithium storage. The polymeric gel-like SEI layer
which can improve the mechanical cohesion among the active
materials without hindering the ion transfer is formed by the
electrolyte decomposition.

The rate performance of bare Mn;0,4, rGO/Mn;0, and ArGO/
Mn;0, nanocomposites from 100 to 2000 mA g~ ' is shown in
Fig. 6b. The ArGO/Mn;0, electrode delivers a high capacity of
948, 778, 597, 509, and 412 mA h g~ ' at different current
densities of 100, 200, 500, 1000, and 2000 mA g~ ', respectively.
When the current density returned to 100 mA g, the discharge
capacity of the ArGO/Mn;0, electrode remarkably recovered to
802 mA h g~ '. This performance presents that a high current
density doesn't affect the ArGO/Mn;0, electrode.

Conclusions

In this research, a simple and two-step process such as mixing
and heat treatment was applied to fabricating the ArGO/Mn;0,
NR nanocomposite. Mn;O, NR between ArGO layers is homo-
geneously dispersed, thus preventing aggregation of nanorods.
The nanocomposite structure of ArGO and Mn;0, NR not only
forms large contact areas between electrolyte and electrode but
also provide the effective diffusion pathways for Li-ions and
electrons. As a result, the ArGO/Mn;0, NR electrode delivers
reversible capacities of 778 and 412 mA h g~ " at 200 and 2000
mA g, respectively, which are higher than those of bare Mn;0,4
NR and rGO/Mn;0,4 NR. It is expecting that ArGO/other metal
oxides nanocomposites will be developed to improve the anode
performance for energy storage devices.
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