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Lithium-rich transition-metal layered oxides (LROs), such as Li; 2MngeNig 2O, are promising cathode
materials for application in Li-ion batteries, but the low initial coulombic efficiency, severe voltage fade
and poor rate performance of the LROs restrict their commercial application. Herein, a self-standing
Li; Mng gNip 2O,/graphene membrane was synthesized as a binder-free cathode for Li-ion batteries.
Integrating the graphene membrane with Li;,MnggNig20O, forming a Li; ,MnggNigO5/graphene
structure significantly increases the surface areas and pore volumes of the cathode, as well as the
reversibility of oxygen redox during the charge—discharge process. The initial discharge capacity of the
Li1 »Mng Nig »O»/graphene membrane is ~270 mA h g~! (~240 mA h g~ for Li; ;Mng gNig»05) and its
initial coulombic efficiency is 90% (72% for Li;2MngNig»O5) at a current density of 40 mA g™ The
capacity retention of the Li; ;Mng gNig 2O/graphene membrane remains at 88% at 40 mA g*1 after 80
cycles, and the rate performance is largely improved compared with that of the pristine Li; ;Mng gNig 20>.
The improved performance of the Lij>,MnggNig20z/graphene membrane is ascribed to the lower
charge-transfer resistance and solid electrolyte interphase resistance of the Li; ,Mng gNig ,O,/graphene
membrane compared to that of Lij,MnggNig,O,. Moreover, the lithium ion diffusion of the
Li; Mng gNip 2O2/graphene membrane is enhanced by three orders of magnitude compared to that of
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Introduction

Li-ion batteries are becoming increasingly important as a power
source supplying for electric vehicles (EVs). However, for
commercial Li-ion batteries challenges remain to be met with
the power demands of EVs with driving ranges of more than 300
miles due to low specific capacities of commercial cathode
materials, such as LiNij;sMn;;3C04/30, (<200 mA h g™') and
LiFeO, (170 mA h g™ '). Lithium-rich transition-metal oxide
(LRO) is a promising cathode material due to its high specific
capacity (>250 mA h g~ ') and average operating potential.’* A
LRO material with notation xLi,MnO;-(1 — x)LiMO, (M = Mn,
Ni, Co, etc.) generally consists of rhombohedral LiMO, and
monoclinic Li,MnO3. Although LiMO, and Li,MnO; are layered
NaFeO,-type rock salt structures, Li,MnO; can be written as
Li(Li;;3Mn,/3)0,, which means that the sites in Mn layers can be
occupied by Li ions, reducing symmetry of Li,MnO; to the C2/c
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Li; 2Mng gNig 2O,. This work may provide a new avenue to improve the electrochemical performance of
LROs through tuning the oxygen redox progress during cycling.

space group.>® The high reversible capacities of these materials
are believed to be associated with the 0> /O~ redox process in
bulk regions of LRO particles.”® Whereas the O, release process
accompanied by O®  oxidization during the first charge of
LROs, results in negative consequences such as migration of the
transition metal,® surface reconstruction,' and micro cracks
along grain boundaries,'* leading to low initial coulombic effi-
ciency, severe voltage fade and poor rate performance. There-
fore, LROs working as cathode materials face challenges in
order to be commercialized for application in Li-ion
batteries.'***

To overcome the above drawbacks of the LROs, extensive
studies have been carried out in the past few years. Song et al.*®
and Liu et al.’” modified the surface of Li, ,Mn 54Nig 13C00.130,
(LLMNC) particles with spinel phase to increase the coulombic
efficiency and lower the resistance. Li et al. improved initial
coulombic efficiency of Li; ,Mn, ¢Ni,,0, through Ba** doping
and obtained better rate performance.’® Qing et al. doped the
LLMNC with Na' using molten-salt method to increase the
electronic and ionic conductivity of LLMNC and therefore
notably enhancing electrochemical performance." These works
proved that improving Li* diffusion in cathode is an effective
method to optimize the electrochemical performance of the
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LROs. Carbon based materials can be applied to promote elec-
trochemical kinetics of cathode materials due to their chemi-
cally stable and excellent electronic transport properties.
Among the carbon based materials, graphene nanosheets have
attracted tremendous attentions on account of high surface
area, low weight, and high mechanical strength.>**® However,
combining the Li; ,Mng¢Nip,0, with graphene membrane,
which may not only increase the electrochemical kinetics of the
electrodes, but also provide freestanding structure without any
inactive mechanical support, has not been studied.

In this work, the self-standing Li; ,Mn, ¢Ni,,0,/graphene
membrane was synthesized via vacuum filtration to apply as
a cathode material in Li-ion battery. The Li; ,Mn, ¢Nig ,0,/gra-
phene membrane has a large specific surface area, and also
exhibits good electrochemical properties. At the current density
of 40 mA g~ ' (0.2C), its initial discharge capacityis 278 mAh g ™"
and coulombic efficiency is up to 90%, which is much higher
than that of the pristine Li; ,Mn, ¢Ni, ,O,. Rate capacity of the
membrane is also significantly improved compared with that of
the pristine Li; ,Mn,¢Nip,0,. The cause of increased initial
coulombic efficiency was studied by extensive techniques,
which shows that the better oxygen redox reversibility during
the first cycle for the membrane plays a crucial role in the
enhancement of electrochemical performance of Li; ,Mng ¢
Nij,0,/graphene membrane. This work could provide a new
avenue to improve the electrochemical performance of the
LROs through tuning the reversibility of oxygen redox during
the charge-discharge processes.

20-22

Experimental
Materials synthesis

All reagents are analytical grade and used as-purchased without
any purification.

Synthesis of Li; ,Mn, ¢Nig ,O0, by an inverse microemulsion
route

Moderate amounts of lithium dodecyl sulphate (C;,H,5Li0,S,
Macklin) and n-butanol (CH3(CH,);0H, Macklin) were dis-
solved in cyclohexane (C¢H;,, Macklin) under stirring to form
the oil phase (marked as solution A). Solution A was divided into
two equal parts (marked as A1 and A2). Stoichiometric amounts
of manganese nitrate (Mn(NO;),4H,0, Macklin) and nickel
nitrate (Ni(NOs),+6H,0, Macklin) were dissolved in deionized
water (H,O) to get a transparent solution (marked as B1).
Appropriate amounts of sodium hydroxide (NaOH, Macklin)
and ammonium hydroxide (NH;-H,0, Macklin) were dissolved
in deionized water (H,O) to get a transparent solution (marked
as B2). The emulsions C1 and C2 were prepared by adding
solution B1 and B2 into A1 and A2 under stirring for 12 h at
ambient condition, respectively. Emulsion C1 was mixed with
emulsion C2 under magnetic stirring, the mixed solution was
filtered and washed several times to get brown slurry. As-
obtained slurry was dried at 80 °C in blast drying oven, and
then blended with lithium nitrate (LiNO3z, Macklin) thoroughly
under grinding. The mixture was heated at 350 °C for 4 h with
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subsequent sintering at 900 °C for 15 h. Brownish black col-
oured Li; ,Mn, ¢Ni, ,O, powder samples were obtained (marked
as LMR).

Synthesis of Li, ;Mn, ¢Ni, ,O,/graphene membrane

Appropriate amounts of LMR, commercial graphene sheet
(Aladdin) and polyvinyl pyrrolidone (Aladdin) (LMR : graphe-
ne:PVP = 8:2:1 in weight) were dispersed into ethylene
glycol ((CH,OH),, Macklin) by sonication for 1 h. Then the
mixture of LMR and graphene was filtrated with vacuum pump
using a nylon membrane. After washing with deionized water
and ethyl alcohol several times and dried at 60 °C for 5 h, the
hybrid membrane was pressed at 0.5 MPa and peeled from the
filter membrane with subsequent drying at 150 °C for 4 h to get
the LMR/graphene membrane (marked as LMR/G). The
membrane with LMR : graphene = 7:3 was also prepared,
marked as LMR/G-30.

Materials characterization

The crystal structures of the as-prepared materials were char-
acterized through X-ray diffraction (XRD, Rigaku D/Max-2400,
Japan) with Cu Ko (1 = 1.5418 A) radiation at 40 kv and 40
mA at a scanning rate of 1° min~* within 2 theta range of 10~
80°. The Li, Mn, and Ni content in LMR was analyzed using an
inductively coupled plasma-atomic emission spectrometer (ICP-
AES, Agilent 7500ce, USA). The oxidation valence states and
element content of the metal elements at the surface regions
were determined by X-ray photoelectron spectroscopy (XPS,
Thermo escalab 250Xi, USA). Raman spectroscopy (Raman,
LabRam HRS800, Japan) was collected with 1.96 eV (632.8 nm)
excitation laser. Thermal gravimetric analysis (TG, NETZSCH
STA 449C, Germany) for LMR/graphene membrane was recor-
ded from room temperature to 900 °C at a heating rate of
10 °C min ' in air. The morphologies of materials were
observed by scanning electron microscopy (SEM, Hitachi S-
4800, Japan) and transmission electron microscopy (TEM, FEI
Tecnai G2 F30, Japan). The surface areas and porosities were
measured by the Brunauer-Emmett-Teller (BET, Quantach-
rome Autosorb-1C-VP, USA) method with N, adsorption-
desorption isotherms.

Electrochemical measurements

Electrodes of LMR were prepared by mixing LMR (80 wt%),
Super P (10 wt%), and PVDF (10 wt%) in a mortar and milled for
half an hour, and then several drops of N-methyl-2-pyrrolidone
(NMP) were added into the mixture with continuously stirring.
The obtained slurry was uniformly dispersed and spread on
aluminum foils current collectors with the mass loading for
around 2 mg cm™ >, After dried in a vacuum oven at 100 °C for
2 h, the aluminum foil with LMR was pressed under a pressure
of 8 MPa to gain the single-sided cathode.

2032-type cells were assembled by as-prepared cathode or
LMR/graphene as cathode, lithium plate used as the anode,
Celgard 2400 as the separator, 1 mol L' LiPFs in
ethylenecarbonate/diethyl ~ carbonate/dimethyl  carbonate

This journal is © The Royal Society of Chemistry 2018
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(volume ratio of 1:1:1) as the electrolyte in an argon-filled
glove box.

Electrochemical performances were tested by LAND
CT2001A test system (Galvanostatic discharge/charge, 2.0-4.8 V
vs. Li*/Li, room temperature), and Zahner IM6e electrochemical
workstation (Electrochemical impedance spectra, EIS, 1 MHz to
0.1 Hz, all cells were charged to 4.2 V before EIS test).

Results and discussion

Scheme 1 schematically presents the fabrication processes of
the LMR/G. LMR/G was gained through sonication and vacuum
filtration method. Fig. 1a shows the XRD patterns of LMR, LMR/
G and LMR/G-30, and the graphene was also plotted for
comparison. All peaks of the LMR with strong intensity can be
well indexed to the O3 type NaFeO, layered structure (space
group R3m). The peaks with slightly lower intensity in the range
of 20-25° can be indexed to monoclinic Li,MnO; (space group
C2/m), known as the characteristic peaks of Li-rich phase.?”"**
None of any impurity phases was detected in the XRD pattern,
indicating that there were no any trace amounts of impurity in
LMR. Splitting peaks at 38° (006/012) and 65° (108/110) in the
XRD pattern suggest the layered hexagonal structure was
successfully obtained. Meanwhile, the ratio of 1(003)/1(104) is
1.31 for LMR that is higher than 1.2, showing a good order
between Li and transition metal layers.>®*' As for LMR/G and
LMR/G-30, the majority amount of the peaks in the XRD pattern

LMR
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matched well with the characteristic peaks of LMR, except the
peaks at 26° and 55° indicated by (002) and (004) plane
diffraction of graphene, respectively.>»** Comparing with LMR/
G, the ratio of 1(003)/1(004) for LMR/G-30 is slightly lower, and
this is owing to the higher graphene content in LMR/G-30. To
further confirm the structure of as-prepared materials, the
Raman spectra was measured for the LMR and LMR/G, as
shown in Fig. 1b. For both materials, three distinct peaks at 608,
494 and 440 cm ™' can be assigned to vy, vibration (M = Ni, Mn
cations, A, mode), do_m-o vibration (E, mode) of R3m space
group and short-range superlattice of Li,MnOs-like C2/m space
group, respectively.***®* LMR/G shows three peaks attributed to
D, G and 2D bands of graphene at 1340, 1583 and 2680 cm ',
respectively. Low intensity of the D band (I : I, = 4.4) is owing
to little defects existing in the graphene of LMR/G.*”**

To obtain more information concerning the composition of
LMR, ICP-AES technique was employed. The atomic ratios of
Li:Mn: Niis 1.208 : 0.604 : 0.204 for LMR, which is very close
to the target composition (Li; ,Mn ¢Nig 20,).

Fig. 2 and S21 shows the SEM image of LMR, LMR/G and
LMR/G-30, respectively. It can be seen that the LMR has
a particle size of 100-300 nm (Fig. 2a). For the LMR/G, the
thickness of the LMR/G membrane is about 60 pm (Fig. 2b), and
the LMR particles homogeneously disperse on the surface of
graphene sheets, significantly increasing the dispersity of LMR
comparing with that of LMR (Fig. S3t) applied as cathode. For
the LMR/G-30, the thickness is about 80 um. To characterize the
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Scheme 1 Schematic of the fabrication processes of LMR/graphene membrane.
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Fig. 2 (a) SEM images of LMR. (b) Cross-sectional SEM image of LMR/
G membrane. (c) Top view low-magnification and (d) high-magnifi-
cation SEM of LMR/G membrane.

distribution of the elements, scanning electron microscopy-
energy dispersive spectrometer (SEM-EDS) method and the
corresponding elemental mapping of LMR/G were adopted, as
shown in Fig. S4.1 The elemental maps of Mn, Ni, C and O
demonstrate a uniform distribution. The BET surface area
(shown in Fig. S51) is 21.8 and 4.8 m* g~ * for LMR/G and LMR,
respectively, which is attributed to the introduction of graphene
membrane. The pores volumes of LMR/G (0.115 cm® g~ ') is also
enhanced compared to that of the LMR (0.031 cm® g %),
benefiting electrolyte contacting. The thermogravimetry was
studied for both LMR and LMR/G (Fig. S61), which shows that
~19.4% mass loss occurred from 430 to 700 °C for LMR/G,
ascribing to the oxidization of graphene. These results suggest
that the mass percentage of graphene in the LMR/G is 19.4%.%

Fig.3
G, selected area in (b). (d) HRTEM image of LMR/G marked in (c).
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Fig. S71 shows the TEM images of LMR, according to Fig. S7a
and b,T LMR particles are sub-micron with particle size of 100-
300 nm, agreeing well with SEM images. The boundaries
between particles are legible, indicating that the particles stack
together rather than aggregate, and the particles are easier to
segregate during the ultrasonic process. HRTEM images and
corresponding Fast Fourier Transform images of LMR are
exhibited in Fig. S7c and d,} according with the (104) and (003)
planes of R3m structure, respectively. Fig. 3 shows the TEM
images of LMR/G, which reveals that the graphene sheet over-
laps with each other to form the graphene membrane, and LMR
particles disperse uniformly in the graphene sheets. The LMR
particles with size of 60-100 nm loads on the graphene sheets
and tightly combines with graphene sheets (Fig. 3b). The high-
resolution TEM image of the regions inside the dotted red
square in Fig. 3c is exhibited in Fig. 3d, and the visible lattice
fringes with a crystalline interplanar spacing of 0.47 nm, which
is assigned to the (003) planes of the R3m structure, overlapping
with lattice fringes of graphene (shown in dotted red circle of
Fig. 3d).*

The XPS spectra of pristine LMR and LMR/G are shown in
Fig. 4. The O 1s spectrum of LMR with two peaks at 529.5 and
531.6 €V corresponding to O~ anions belonged to the crystal-
line network and corresponded to weakly adsorbed surface
species, respectively,” while the weak single at 533.4 eV is
attributed to defective sites of graphene.** The oxidation states
of Mn were deduced from Mn 3s core levels, splitting into
a doublet. The separation between the two peaks of the doublet
(AEss), which is sensitive to the oxidation states of Mn (Opy),
can be estimated from eqn (1).***

According to eqn (1), Oy, is about 4 for LMR and LMR/G,
implying that few oxygen vacancies existed on the surface of

(a) Low-magnification TEM image of LMR/G. (b) TEM image of LMR/G in the selected area in (a). (c) high-magnification TEM image of LMR/

This journal is © The Royal Society of Chemistry 2018
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both samples.*® Ni element on the surface of both materials is
Ni** in the majority with minor amount of Ni**.#’

OMn =9.67 - 1.27 x AE3S (1)

As shown in the C 1s spectra (Fig. 4g and h), the bonding
energies of 284.6 and 285.5 eV for LMR can be assigned to C-C
and C-OH functional groups, while the bonding energies of 288
and 289.7 eV for LMR/G is attributed to C=0 and C=0-OH
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bonds, respectively, indicating the presence of defects on the
surfaces of graphene in LMR/G.*®

Fig. 5a and S8t shows the initial charge-discharge curves of
LMR, LMR/G and LMR/G-30 at 20 mA g~ ' (0.1C), respectively.
For all materials, the initial curves exhibit a comparable shape.
Specifically, the sloping region below 4.5 V is attributed to the
oxidation of Ni**, while the plateau region at around 4.5 V can
be assigned to the oxidation of O*~ during the initial charge
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process, and the sloping region is ascribed to the reduction of
Ni*" and O~ during the initial discharge process.*>*® The irre-
versible specific capacities is 92 and 33 mA h g~ ' for LMR and
LMR/G, respectively, thus increasing the initial coulombic effi-
ciency from 72% (240/332 mAh g~") to 90% (278/311 mAh g™ ")
as the formation of LMR/G membrane. As for LMR/G-30, the
initial coulombic efficiency is 89% (280/313 mA h g~ "), similar
to that of LMR/G. To further study the electrochemical process
during the first cycle, dQ/dV plots were adopted in Fig. 5b. Two
oxidation peaks from 3.8 to 4.1 V and the sharp oxidation peak
at around 4.5 V are attributed to the oxidation of Ni element
from Ni** to Ni** and O*~, respectively, corresponding to initial
charge curve in Fig. 5a. The main difference between LMR and
the membrane cathodes during initial discharge process is the
reduction peak at 3.25 V, which is assigned to the reduction of
O.* Reduction peak of O™ is much stronger for LMR/G and
LMR/G-30 than LMR, and this is the source where LMR/G and
LMR/G-30 have more reversible capacity than LMR. Indeed,
there were several works using graphene and/or carbon nano-
tube as additive in LROs, but they were less effective in
improving the initial coulombic efficiency without any post
treatment (shown in Table S1). Rate properties and relative
voltage profiles for the materials are shown in Fig. 5c¢ and S9,t
respectively. Discharge capacities of LMR, LMR/G and LMR/G-
30 at 0.1C, 0.2C, 1C, 2C and 5C are listed in Table S2,}
compared with LMR, the membrane cathode deliver much high
discharge capacities at large current densities. The discharge
capacity of LMR/G-30 is slightly higher than that of LMR/G at
each current density. Cycle performance at 0.2C during 80
cycles for LMR and LMR/G is shown in Fig. 5d. As is seen,
coulombic efficiency of LMR/G remains above 98% after the
initial cycle and the discharge capacity retains 242 mA h g *
after 80 cycles (88% of the initial discharge capacity), while
coulombic efficiency of LMR shows significant fluctuations
ranging from 90% to 99% during cycling (after the third cycle)
and the discharge capacity is only 130 mA h g~ " at the end of
cycling. Discharge capacities of all samples at 1C during 100
cycles are exhibited in Fig. S10.7 The initial discharge capacity
of LMR, LMR/G and LMR/G-30 is 138, 192 and 202 mA h g™ *,
respectively. After 100 times cycling, the capacity retention
ratios of the membrane cathodes are above 90%, and it is 85%
for LMR.

As shown in Fig. 6a, the EIS tests were performed to inves-
tigate the effect of graphene membrane on resistances and Li
ions diffusion of LMR. The EIS data were fitted by program
‘ZSimpwin’, and the equivalent circuit plot is shown on the left
in Fig. 6a. For all materials, the high frequency intercept at the
7' axis is the resistances rooted in the electrolyte and other cell
components (R.). The high frequency semicircle is relevant to
the solid electrolyte interphase resistance (Rsg;) and the middle
frequency semicircle is relevant to the charge-transfer resis-
tance (R.) at the surface region of the electrode. The low-
frequency tail can be described as the Warburg impedance
(W,).** The fitting results are listed in Table S3,1 compared to
LMR, R. of the membrane cathodes remain unchanged at about
4 Q, while Rgg; and R, decreases significantly, total resistances
(R = Re + Rsgy + Re) of LMR/G and LMR/G-30 are much less than
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(a) EIS spectra of half-cells of all materials charged to 4.2 V
~1/2 at low frequency.

that of LMR, indicating LMR/G has faster Li’-deintercalation
kinetics. Total resistance of LMR/G-30 is 71 Q, lower than that of
LMR/G (76 Q), this may be benefitted from better conductivity
with higher graphene content.

Li" diffusion coefficients (Dp;") were calculated by eqn (2):%

Dyi» = 0.5R* T In* A*F* C*6” (2)

The Warburg factor ¢ is the slope of linear fitting of Z' vs.
w2, Fig. 6b presents the plots of Z' vs. w~*? in low frequency
for LMR and LMR/G, and the value of Dy ;+ for LMR/G and LMR is
1.03 x 107" and 2.34 x 10~", respectively. Dy;+ of LMR/G is
three orders of magnitude higher than that of LMR, indicating
that the electrode kinetics improve markedly with the intro-
duction of graphene membrane.

To reveal principle of the significant coulombic efficiency
increasing during the first cycle, the O 1s XPS spectra of initial
charged LMR and LMR/G at 0.1C were exhibited in Fig. 7.
Compared to the spectra of pristine LMR/G, the peak at 529.5 eV
became weaker and a new peak appeared at around 530 eV
(corresponding to O~ species) for the initial charged LMR/G,
which indicates that the crystalline framework of O remains
at the surface area of LMR/G during charge process.*® However,
the peak at 529.5 eV nearly disappears and no peak emerges
after the initial charge for LMR, which can be attributed to
severe side reaction arising from the loss of lattice oxygen from
the surface region, detrimental to the reversibility of redox
process.>

This journal is © The Royal Society of Chemistry 2018
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Conclusions

In summary, the self-standing Li; ;Mn, ¢Niy,0,/graphene
membrane was successfully synthesized as the cathode
electrode for Li-ion batteries. LMR particles were uniform
dispersive on the graphene membrane that significantly
increased the surface areas and pore volume of LMR
comparing with that of pristine LMR. The reversibility of
oxygen redox of LMR/G was largely improved during the first
cycle compared to that of LMR, leading to the higher
discharge capacities of LMR/G than that of LMR. Meanwhile,
the rate performance optimized with Li* diffusion coeffi-
cients increased by three orders of magnitude. Therefore, the
self-standing Li; ;Mng ¢Nip ,O,/graphene membrane elec-
trode with high initial coulombic efficiency, rate capability
and cycling stability is very potential as a cathode toward
high performance Li-ion battery. This work may also provide
anew method to improve the electrochemical performance of
LROs through tuning the oxygen redox process during
cycling.
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