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Abstract

The practical application of high-capacity Li-rich cathode materials is hindered

by capacity fading and voltage decay. The capacity fading and voltage decay

could be effectively  overcome by using water-soluble  guar  gum (GG) binder

instead of traditional polyvinylidene fluoride (PVDF). However, the specific role

of the GG binder is not clear yet, though the GG binder can significantly improve

the electrochemical performance of Li-rich cathode. To understand the effect of

GG  binder  on  the  morphology,  microstructure  of  electrode  and

electrode/electrolyte  interfaces,  ex-situ  scanning  electron  microscope  (SEM),

transmission  electron  microscope  (TEM),  X-ray  adsorption  near  edge

spectroscopy  (XANES),  in-situ  electrochemical  impedance  spectroscopy  (EIS)

were  applied  to  comparatively  study  the  charge-discharge  processes  of

Li1.2Ni0.2Mn0.6O2 cathode  when  using  GG  and  PVDF  as  binders.  The  results

indicate that the GG binder can prevent electrode crack and active material

loss,  ascribing  to  the  strong  mechanical  adhesion  of  GG  binder  with  active

material particles and current collector. It has found that the GG binder can also

induce the formation of a uniform layer on Li1.2Ni0.2Mn0.6O2 particles’ surface. As a

consequence, both the  electrolyte decomposition and the electrode corrosion

were significantly inhibited. The strong chelation between Mn2+  and polar OH

group  restrain  Mn  ion  dissolution,  which  contributes  to  surface  structural

transformation mitigation. The present study reveals the role of water-soluble

GG binder in reducing capacity fading and voltage decay of Li-rich material and
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is of great importance in design functional binders for high-performance Li-rich

electrodes. 

Key  words:  Lithium  ion  batteries,  Li-rich  material  cathode,  water-soluble

binder, in-situ and ex-situ techniques, capacity fading, voltage decay

1. Introduction

Recently,  the  low  available  specific  capacity  of  the  traditional  cathode

materials such as LiCoO2, LiMn2O4, and LiFePO4 is becoming a bottleneck to the

increase of the energy densities of the lithium-ion batteries (LIBs) for electric

vehicles and electricity grid.1-2 Layered Li-rich oxide cathode materials exhibit

specific capacity of over 250 mAh g-1, and thus they are potential candidates of

next-generation LIBs cathode.3 However, they suffer from severe capacity fading

and  voltage  decay  during  cycling  process,  which  induce  energy  density

degradation and hinder their commercial application.4-5 

For capacity fading, it can be solved by element doping, surface modification

and structure regulation etc.6-9 For example,  doping with Al,  Mg, Fe,6 coating

with TiO2, ZrO2, AlPO4,7 and regulation of particle size,8 structure defects9 are

efficient to eliminate the capacity fading of Li-rich material. For voltage decay, it

can be partially mitigated by doping or structure modulation.10-11  Conventional

coating with metal oxides has been proved having minimal effect on voltage

decay.8 The voltage decay mitigation by functional coating such as LiFePO4
36 and

Li-Mg-PO4
37 was attributed to doping of core Li-rich materials caused by surface

modification. But all these methods required complicated material preparation
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processes. 

Apart  from the methods for material  modifications,  many functional  water-

soluble binders have been adopted to reduce capacity fading of both anode and

cathode materials, which is much simpler than other methods such as element

doping, surface modification and structure regulation etc.12 For Li-rich materials,

carboxymethyl  cellulose (CMC),13 sodium carboxymethyl  cellulose (CMC-Na),14

sodium alginate (SA),15 and fluorine acrylic hybrid latex38 have been successfully

applied to alleviate its capacity fading and voltage decay. But the mechanism

has  not  been  studied,38  or  simply  attributed  to  the  resulted  homogenous

morphology,13 binder induced Na+ dopping,14 and Mn ion dissolution inhibition.15

The   Mn  ion  dissolution  inhibition  was  concluded  from  X-ray  Photoelectron

Spectroscopy  (XPS),15 which  can  only  obtain  the  surface  information  of

materials. Guar gum (GG), a natural nonionic polysaccharide extracted from the

seeds  Cyamopsis  tetragonolobus,  has  strong mechanical  property,  good ion-

conductivity  and  a  large  amounts  of  polar  hydroxyl  groups.16 Our  previous

studies exhibit that such water-soluble GG could remit the capacity fade of Si

anode and Li-S battery efficiently.16-17 Guar gum was also applied in Li-rich oxide

cathode material for the first time by our group. We found that GG can reduce

the capacity fading and voltage decay of Li-rich material in the same time.18

However, the mechanism of guar gum binder mitigating the capacity fading and

voltage decay is not clarified clearly. The voltage decay of Li-rich materials is

always attributed to layered-to-spinel phase transformation (surface and bulk).19
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While  the  bulk  phase  transformation  are  possibly  inhibited  using  doping  or

structure  regulation  methods,10-11,14-15 surface  phase  transformation  can  be

potentially  mitigated  using  unique  surface  treatment  methods.19-20,  36-37 The

extraordinary  voltage  decay  mitigation  by  GG binder  makes  it  attractive  to

reveal the specific role of water-soluble GG binder.

Here,  we  compared  the  electrochemical  performance,  morphology,

microstructure,  valence  state  and  local  structure  of  Mn  element,  and

electrode/electrolyte interfacial properties of  Li1.2Ni0.2Mn0.6O2  cathode materials

during cycling using polyvinylidene fluoride (PVDF) or guar gum (GG) as binder.

The results  demonstrate that  GG binder can reduce the capacity fading and

voltage decay of Li-rich material obviously, which is caused by preventing the

crack of electrode, reducing active material loss and side reactions at electrode/

electrolyte  interfaces,  limiting  surface  structural  transformation of  Li-rich

material. The mechanism of GG binder alleviating voltage and capacity fading

could be ascribed to its participating to form more stable cathode electrolyte

interphase (CEI) on surface of Li1.2Ni0.2Mn0.6O2 particles and strong chelation with

Mn ions.

2. Experimental

2.1. Synthesis

A molten  salt  method  was  used  to  synthesize  the  Li1.2Ni0.2Mn0.6O2 cathode
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materials.  A large excess  of  KCl  salt  and  a stoichiometric  amount of  Li2CO3,

Ni(CH3COO2)∙4H2O,  Mn(CH3COO2)∙4H2O  were  mixed  by  ball  milling.  The

prepared mixture by milling was then put in tube furnace to calcine in air (450℃

for 6 h and then 800  ℃ for 12 h).  The obtained product  was washed using

deionized water for several times to remove the residual KCl salt. Subsequent

filtration was conducted, and it was then dried at 100 ℃for 10 h.  The specific

preparation process of samples can be seen in our previous studies.21

2.2. Characterization

SEM (Hitachi S-4800) and TEM (JEOL JEM-2100F) were applied to examine the

morphology and microstructure.  X-ray diffraction (XRD, Philips X’Pert Pro) was

used to characterize the crystal structure in the 2θ range of 15-75º with a scan

rate  of  1º·min-1.  Ex-situ  XANES was  conducted  at  the  BL14W1 beamline  on

Shanghai Synchrotron Radiation Facility (SSRF). All the thin-film Li1.2Ni0.2Mn0.6O2

electrodes for XANES measurements were assembled  in an Ar filled glovebox

using CR2025-type coin cells, on which surface a hole of 3 mm in diameter was

drilled and sealed with Kapton membrane. The prepared thin-film Li1.2Ni0.2Mn0.6O2

electrodes were obtained by disassembling the cells at different cut-off voltages

or  after  different  cycles.  Dimethyl  carbonate  (DMC)  was  used  to  wash  the

electrodes.

2.3. Electrochemical tests
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CR2025-type coin cells were applied to do electrochemical tests. Slurries of

synthesized material, acetylene black and binder (polyvinylidenediuoride (PVDF)

or  guar gum (GG)) at a weight ratio of 80: 10: 10 were prepared. N-methyl-2-

pyrrolidone (NMP) and deionized water was used as solvent when PVDF and GG

was used as binder, respectively. The obtained slurries were coated on Al foil

current collector with the diameter of 16 mm and then dried at 100 °C for 12 h

in vacuum. The active material mass loading was kept at 1.2±0.1 mg cm-2. The

CR2025-type coin cells were assembled in an Argon-filled glove box. A lithium

foil was used as both counter and reference electrode. A Celgard2400 film was

used as separator and 1 M LiPF6 dissolved in ethylene carbonate (EC)/dimethyl

carbonate (DMC) (1:1  v/v)  as electrolyte.  The cells  were charged-discharged

galvanostatically on a Land-V34 battery tester (Wuhan, China) at 30  oC. The

current density of 1 C equals to 200 mA g-1. The test voltage region of all the

cells is 2.0-4.8 V (vs. Li/Li+). The capacities were calculated based on the weight

of active material. 

Cyclic voltammetry (CV) curves were conducted using two kinds of electrodes.

One is the same as the coin cells for charge-discharge tests. The other one is

only PVDF or GG binder and carbon black on Al foil current collector. The binder

mass loading was kept at 0.15±0.02 mg cm-2, which is 10% of the whole loading

mass of the cells for charge-discharge tests. The mass ratio of PVDF/GG binder

to carbon black is 1:1. The applied range was 2.0-4.8 V and scanning rate was

0.2  mV  s-1.  The  current  density  was  calculated  based  on  loading  mass  of
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binders.

  Electrochemical impedance spectroscopy (EIS) measurements were performed

using a VSP multichannel potentiostatic-galvanostatic  system (VERSASTATV3,

USA).  An AC voltage of  5 mV and a frequency range of  1 MHz-5 mHz were

applied.  For  in-situ EIS,  the electrode potential  was increased stepwise from

open circuit voltage (OCP) to 4.8 V with 0.1-0.2 V potentiostatic steps. Before

EIS tests at each potential, this voltage was kept constant for 20 min. The EIS

results were fitted using Zview software.

3. Results and Discussion

The XRD pattern of  Li1.2Ni0.2Mn0.6O2 material was displayed in Fig. S1, which

has the evident feature of layered structure.  The major peaks (such as 18.7°

and 44.6°) are indexed to α-NaFeO2 parent hexagonal phase (R3́m space group).

A  broad  super-lattice  peak  at  20-25° indicates  the  monoclinic  structure  of

Li2MnO3 component (C2/m).22 Fig. 1a demonstrates the initial charge/discharge

profiles of Li1.2Ni0.2Mn0.6O2  at 0.2 C using PVDF or GG as binder. For first charge,

the electrodes using PVDF and GG binder show similar curve at the voltage

region of ¿4.65 V. It includes a typical sloping curve at the voltage region of ¿4.5

V  and  a  steady  plateau  at  ~4.5  V,  which  is  caused  by  Ni2+/Ni4+ redox  and

activation  of  Li2MnO3 component  respectively.1-2 In  the  region  ¿4.65  V,  the

electrode using PVDF binder shows a higher capacity of 72 mAh g-1 than that of
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42 mAh g-1 using GG binder. The capacity at high voltage is always attributed to

side  reactions  originated  from electrolyte  decomposition.23 The  lower  charge

capacity in the region of ¿4.65 V using GG binder indicates that GG can inhibit

the side reactions at high voltage. For first discharge, the electrodes using PVDF

and GG binder show the almost same curve shape and similar capacity of 238

mAh g-1 and 240 mAh g-1. The CV curves of Li1.2Ni0.2Mn0.6O2 material using PVDF

or GG binder are shown in Fig. S2. It can be observed that the electrode using

GG binder exhibits a slightly lower current density than that using PVDF binder

at high charge voltage, but almost no difference during discharge. The results of

CV are consistent with that of the initial charge/discharge curves.

To further explore the role of GG binder in inhibiting electrolyte side reactions,

the CV curves of electrodes only consisting of PVDF or GG binder on Al current

collector were depicted in Fig. 1b. It is obvious that electrode with GG binder

shows a much lower electrolyte oxidation current. For discharge, both electrodes

with PVDF and GG binder display negligible reduction current. The electrolyte

oxidation is affected by the surface properties of electrode, which was reported

in both experimental and theoretical studies.24-25 Our results indicate that GG

binder is more inactive than PVDF and Li-rich material for electrolyte oxidation.

Using GG binder can inhibit the side electrolyte decomposition reactions at high

voltage.

Fig. 1c exhibits the cyclability of Li1.2Ni0.2Mn0.6O2 at 0.5 C using PVDF or GG as
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binder, and the corresponding average discharge voltages were demonstrated

in Fig. 1d. The initial capacity of PVDF and GG using as binder is similar 187

mAh g-1 and  186  mAh  g-1,  respectively.  But  when  using  GG as  binder,  the

capacity can possess retention of 95.3% after 200 cycles, which is distinctly

higher than that of 73.1% using PVDF as binder.  The initial average discharge

voltage is  similar  3.43 and 3.48 V for  electrodes with PVDF and GG binder,

respectively. But after 200 cycles at 0.5 C, the retention of average discharge

voltage is 90.2% for electrode using GG as binder, while that for electrode using

PVDF binder is only 80.8%. More detailed discharge curves at 0.5 C for different

cycles were exhibited in Fig. S3a and b. It is distinct that electrode using PVDF

binder has a more severe capacity fading and voltage decay than that using GG

binder. Figure S4 displays the dQ/dV curves of  Li1.2Ni0.2Mn0.6O2 electrodes using

PVDF and GG binder. Liu’s work displays similar dQ/dV curves of Li1.2Ni0.2Mn0.6O2

with and without NH4F-Al2O3 surface co-modification.41 Li1.2Ni0.13Co0.13Mn0.54O2 with

different binders also exhibits similar dQ/dV curves.14 We observe in  Figure S4

that, for first cycle, the peaks at 4.2 and 3.7 V correspond to Ni4+/Ni2+ redox, and

the peak at 3.25 V associates with Mn4+/Mn3+ reduction.41 During cycling, the

Ni4+/Ni2+ peaks of electrode using GG binder are more stable than that using

PVDF binder. Both Mn4+/Mn3+ peaks of electrodes using PVDF and GG binders

demonstrate negative shift.  Such a negative shift  corresponds  to layered-to-

spinel  phase  transformation.42 Spinel  (i.e.LixMn2O4)  has  a  distinct  Mn4+/Mn3+

reduction  peak at  2.7  V,43 which  is  much lower  than the Mn4+/Mn3+ peak of
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layered  Li-rich  materials.  It’s  reasonable  that  layered-to-spinel  structural

transformation leads  to  negative  shift  of  Mn4+/Mn3+ reduction  peak.  But  the

negative shift of electrode using PVDF (0.62 V) is much bigger than that using

GG binder (0.37 V), providing a direct evidence that the GG binder can inhibit

the layered-to-spinel phase transformation in comparison with PVDF binder.

To  further  explore  the  capacity  and  voltage  stability  of  Li-rich  cathode  at

different  charge-discharge  conditions, Fig.  S3c  shows  the  cyclability  of

Li1.2Ni0.2Mn0.6O2 at 1 C using PVDF or GG as binder, in which the first cycle was

activated  at  0.2  C.  And  the  corresponding  average  discharge  voltage  was

illustrated in Fig. S3d. When the charge-discharge rate increases from 0.2 C to 1

C at the second cycle, an obvious Ohmic polarization can be observed, which is

caused  by  the  increase  of  operation  current.44-45 Due  to  the  higher  internal

resistance of electrode using PVDF (Figure 2) than that using GG binder, a 0.272

V  higher  IR  drop  of  electrode  using  PVDF  binder  was  exhibited  (Fig.  S3d).

Excluding the first activation cycle at 0.2 C, the electrode using PVDF binder

shows 59.1% capacity retention and 83.45% voltage retention after 200 cycles,

while electrode using GG binder has a much higher 94.4% capacity retention

and 95.2% voltage retention. 

To  further  confirm the  role  of  GG binder  in  mitigating  interfacial  reaction

shown  in  Fig.  1a  and  b,  we  made  a  comparison  of  electrode/electrolyte

interfacial properties between electrode with PVDF and GG binder (Fig. 2). Fig.

11



2a displays the Nyquist plots of Li1.2Ni0.2Mn0.6O2 before cycling using PVDF or GG

as binder. The corresponding equivalent electric circuit at open circuit potential

(OCP)  is  shown as  insert.  RS and RCEI represents  the  internal  resistance and

resistance of cathode electrolyte interface (CEI) film respectively. CCEI represents

the capacitance of  the CEI  film.  W is  the Warburg impedance related to Li+

diffusion.26 The RCEI of electrode using PVDF binder (243.3 ohm) is much higher

than that using GG binder (88.6 ohm) and the fitted data were listed in Table 1.

There is always native Li2CO3 film on lithium transition metal oxides.27 And the

Li-rich  materials  can  have  chemical  reactions  with  electrolyte  even  without

charge-discharge,27 which will  increase the resistance of CEI film at the open

circuit potential (OCP) state. The much smaller RCEI at OCP state indicates that

GG binder can protect the Li1.2Ni0.2Mn0.6O2 material from electrolyte. The reaction

between Li1.2Ni0.2Mn0.6O2 material and electrolyte during storage is remitted by

using GG binder.  Similar phenomena were also observed for  polar  CN group

based water-soluble binder.28

The evolution of RCEI of  Li1.2Ni0.2Mn0.6O2 at different first-charge potentials was

shown  in  Fig.  2b,  in  which  PVDF  or  GG  binder  was  applied.  Both  RCEI of

electrodes using PVDF and GG binder display an initial decrease and subsequent

increase trend,  which indicates a native CEI film dissolution  and subsequent

electrolyte decomposition induced CEI film formation process.27,29 However, the

varied range of  RCEI for  electrode using PVDF (211.8→116.1→223.2)  is  much

bigger than that for electrode using GG binder (82.6→73.1→84.2), manifesting
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the instability of  electrode/electrolyte interface when using PVDF binder.  The

detailed EIS spectra during first charge were depicted in Fig. S5, including the

enlarged RCEI  parts and whole frequency spectra. The specific fitted EIS results

were listed in Table 1. To clarify the effect of GG binder on electrode/electrolyte

interfaces  of  Li1.2Ni0.2Mn0.6O2 material  during  cycling,  Nyquist  plots  of

Li1.2Ni0.2Mn0.6O2 after different cycles at 0.5 C using PVDF or GG as binders are

demonstrated in Fig. 2c and d. RCEI of electrode using PVDF binder is evidently

increased  with  cycle  number  (211.8→831.1).  However,  the  RCEI of  electrode

using  GG  binder  almost  keeps  constant  (82.6→86.4).  The  fitted  impedance

parameters were listed in Table 2. The similar phenomena were reported for

protective layer induced by cathode additive, which can restrain the electrolyte

decomposition and make interface resistance relatively stable.30-31 From above,

we observed that using GG binder can remit the electrolyte decomposition and

stabilize the electrode/electrolyte interfaces.

Fig.  3  compares  the  morphology  of  Li1.2Ni0.2Mn0.6O2 electrodes  with  PVDF

binder and GG binder. Fig. 3a and b show the SEM images of the Li1.2Ni0.2Mn0.6O2

cathodes before cycling. The differences between electrodes using PVDF binder

and GG binder are insignificant and both of them show flat morphology. The

SEM images of Li1.2Ni0.2Mn0.6O2 cathodes after 50 cycles at 0.5 C are exhibited in

Fig. 2c and d. Cracks are observed on surface of electrode using PVDF binder,

while the surface of electrode using GG binder keeps uniform. The cracks can

lead  to  active  material  loss  and  worsen  the  electrochemical  performance.16
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PVDF  could  lose  its  adhesion  with  electrode  particles  gradually  through

absorbing electrolyte,32 and the dehydrofluorination reaction of PVDF itself also

induce degradation,27 which is responsible for the peeling of active material. For

GG binder, its strong adhesion, hydrogen bond with Li1.2Ni0.2Mn0.6O2 material and

excellent  mechanical  properties  make the electrode particles  keep stable on

current collector. The similar interaction between GG binder and Si anode, S

cathode have been reported in our previous studies.16-17 

Fig. 4 makes a microstructure comparison of Li1.2Ni0.2Mn0.6O2 particles after 50

cycles  at  0.5  C  with  PVDF  and  GG  binders.  Before  cycling,  the  pristine

Li1.2Ni0.2Mn0.6O2 particles exhibit a smooth polyhedron shape with size of 150-200

nm (Fig. S6a), and a clean surface is observed (Fig. S6b). But after 50 cycles at

0.5 C, the structure of particle has obvious difference when different binders

were  applied.  Many small  isolated  islands  in  the  particle  (Fig.  4a)  and  non-

uniform species on the rough surface (Fig. 4b) can be seen when using PVDF as

binder, which is attributed to the etching of acidic species from the electrolyte33

and electrolyte decomposition30-31. Nevertheless, a smooth particle surface (Fig.

4c) and uniform coating layer (Fig. 4d) after cycling can be obtained when using

GG as binder. The transparent feature (Fig. 4c and d) of such a uniform coating

layer indicates that organic species is mainly composed, including GG binder

and electrolyte decomposition product18.  The uniform coating layer on Li-rich

particles surface can prevent the further electrolyte decomposition and particles

etching of electrolyte, which can contribute to the capacity retention, similar to
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surface coating such as  TiO2, ZrO2,  AlPO4.7 However, these coatings produced

little-to-no effect on voltage fading.8 Some functional coatings such as LiFePO4,

Li-Mg-PO4, CMC-Na binder were reported that can remit voltage decay, due to

surface modification induced metal ion doping of core Li-rich materials.14,37-38 For

organic  GG binder,  C,  H  and  O are  the  whole  elements  composed.16-18 It  is

infeasible to induce doping by GG binder. And to the best of our knowledge,

there is no reports that electrolyte decomposition produced CEI can induce bulk

doping of particles.30-31 A different mechanism for voltage decay mitigation by

GG binder exists and needs further study. 

To further investigate the effect of GG binder on structure evolution of Li-rich

material,  XANES was used to characterize the  Li1.2Ni0.2Mn0.6O2 electrodes using

PVDF or GG binder.  XANES spectra is sensitive to the valence state and local

environment of metal ions since a higher valence induced shorter bond length in

the compound increases the absorption edge energy.22 The valence state can be

determined  using  the  half-height  and  top-peak  energies  comparing  with

baseline sample.22 Fig. S7 demonstrates the ex-situ Mn K-edge XANES spectra of

Li1.2Ni0.2Mn0.6O2 before cycling,  along with Mn2O3 (Mn3+) and MnO2 (Mn4+) for a

baseline study. It can be seen that the valence state of Mn in  Li1.2Ni0.2Mn0.6O2

material is  not ideal +4, but between +3 and +4, due to the materials loss

during preparation process. 22 

The  ex-situ Mn K-edge XANES spectra of  Li1.2Ni0.2Mn0.6O2 during first cycle at
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0.2  C  using  PVDF  or  GG  as  binder  were  depicted  in  Fig.  5.  Fig.  5a  and  d

demonstrate  the  whole  spectra  of  Li1.2Ni0.2Mn0.6O2  using PVDF and GG binder

respectively. Fig. 5b and c are local enlarged images of zone A and B in Fig. 5a,

and Fig. 5e and f are local enlarged images of zone A and B in Fig. 5d. Positive

shift  of  zone  A  during  first  charge  indicates  the  activation  of  Li2MnO3

component.22,34 And negative shift of zone A during first discharge manifests the

phase  transformation  from  layered  structure  to  LixMn2O4-like  spinel.22,34 As

exhibited  in  Fig.  5b  and  e,  in  the  same  scale,  it  is  distinct  that  phase

transformation  in  electrode  using  GG binder  is  milder  than that  using  PVDF

binder. Many studies suggested that the phase transformation from layered to

spinel structure is responsible to voltage decay of Li-rich oxides.19-20 The results

are  coincided  with  the  electrochemical  performance  shown  in  Fig  1.

Positive/negative shift of zone B indicates the oxidation/reduction of Mn element

in Li1.2Ni0.2Mn0.6O2 material.22,34 As depicted in Fig. 5c and f, all the spectra show

an almost same half-height energy of 6556 eV. But in the scale, the Mn K-edge

peak of  electrode using PVDF binder  has a 0.6 eV positive shift  during first

charge and 1 eV negative shift during first discharge, while that using GG binder

shows almost invisible changes and only a total 0.1 eV positive shift after first

cycle (Fig. 5f insert). It means the Mn valence state in Li1.2Ni0.2Mn0.6O2 using PVDF

binder experienced a slight oxidation/reduction reaction during first cycle, while

that using GG binder is stable. 

To  further  verify  the  effect  of  GG  binder  on  structural  transformation  of
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Li2Ni0.2Mn0.6O2 material  during  cycling,  ex-situ  Mn  K-edge  XANES  spectra  of

Li1.2Ni0.2Mn0.6O2 after  different  cycles  at  0.5  C using PVDF or  GG binders  are

exhibited  in  Fig.  6.  Fig.  6a  and  d  demonstrate  the  whole  spectra  of

Li1.2Ni0.2Mn0.6O2  using PVDF and GG binder respectively. Fig. 6b and c are local

enlarged images of zone A and B in Fig. 6a, and Fig. 6e and f are local enlarged

images of zone A and B in Fig. 6d. There is an obvious phase transformation to

form LixMn2O4-like spinel during cycling when used PVDF as binder (Fig. 6b). In

the same scale, Fig. 6e indicates that the phase transformation is much slighter

using GG binder, which is consistent with the results displayed in Fig. 5. Fig. 6c

and f shows the Mn valence state change during cycling using PVDF and GG

binder respectively. It can be observed that Mn valence state of electrode using

PVDF binder keeps almost stable during cycling, while that using GG binder has

a slight positive shift. For electrode using GG binder, it could be understood that

the very  slight  Mn ion  oxidation  per cycle  accumulated during cycling,  then

leads to visible positive shift of Mn K-edge. But for electrode using PVDF binder,

Mn K-edge demonstrates a negative shift during first cycle (Fig. 5c). A negative

shift of Mn K-edge is expected due to cycling accumulation. The abnormal stable

Mn K-edge indicates that other Mn ion reactions take place during cycling. It is

reported that disproportionation reaction (2Mn3+ →Mn2+ + Mn4+) can easily take

place for spinel LiMn2O4 and the produced Mn2+ ions subsequently dissolve in

the electrolyte.35 The left Mn4+ will make the Mn valence state of LiMn2O4 slightly

increase. So, the combination of Mn ion reduction and Mn ion dissolution can
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potentially  make  the  Mn  valence  state  stable.  The  Mn3+ disproportionation

reaction consumes the LixMn2O4-like spinel phase and can further promote the

layered-to-spinel  phase  transformation.  For  water-soluble  GG  binder,  our

previous  study  proves  that  it  can  remit  the  Mn  ion  dissolution  of  cathode

material for Na-ion batteries.39 Previous study indicates that the strong chelation

of Mn2+ by polar OH group in water-soluble alginate binder is responsible for the

Mn2+ dissolution mitigation of LiMn2O4 cathode.40 The Mn2+ dissolution restriction

by GG binder facilitates to remit layered-to-spinel  phase transformation,  which

further leading to voltage decay mitigation. 

It should be mentioned that  in our experiment adopting transmission mode,

the XANES reflects the overall information of electrodes, including surface and

bulk  region.  The  obtained  spectroscopic  information  of  Mn  element  is  an

average value  of  whole  electrode.46 According to  Gu’s  work,19 there  are two

routes of layered-to-spinel transformation. The two different structures (R3́m for

LiMO2 (M=Ni,  Co,  Mn),  C2/m  for  Li2MnO3)  follow  different  structural

transformation routes during cycling. For the R3́m structure, nucleation of spinel

is from surface to bulk, which can be relieved by surface modifications (i.e. AlF3

coating). While for the C2/m, the spinel grains dispersed in the whole particles,

and  the  structural  transformation  of  C2/m  cannot  be  stopped  by  surface

modifications. For the GG binder, similar to the reported surface modification

methods,19 it  is  reasonable  that  it  can  only  inhibit  the  surface  structural

transformation. The structural transformation in the bulk make voltage decay
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can be still observed during the cycling (Fig. 1d).

  Based on the above results, Scheme 1 illustrates the different role of PVDF and

GG binder in charge-discharge process of Li1.2Ni0.2Mn0.6O2 material. As depicted in

Scheme 1, both PVDF and GG binder can bond with Li-rich particles and carbon

black in the initial state and make them adhere with current collector. The Li-

rich  particles  are  exposed  to  electrolyte,  including  HF  specie.  But  distinct

difference can be observed during cycling  when PVDF and GG was used as

binder respectively. For PVDF binder, as illustrated in Scheme 1a, electrolyte

decomposition takes place on particles surface, and HF etching with particles

leads to a rough surface. In addition, severe voltage decay is caused by layered-

to-spinel  phase  transformation  (surface  and  bulk).  The  spinel  suffers  a

disproportion reaction  (2Mn3+→Mn2+ + Mn4+) and subsequent Mn2+ dissolution,

which further facilitate the phase transformation. For GG binder, a uniform layer

on Li-rich particles surface was gradually produced (Scheme 1b). The further HF

etching and electrolyte decomposition is prevented, which leads to a smooth

and clean surface of Li-rich particles, resulting in good capacity retention. As a

result  of  chelation  between  OH  groups  in  GG  binder  and  Mn2+,  the  Mn2+

dissolution from produced spinel in surface region is also distinctly restrained by

GG binder, which makes Mn ion accumulated in the particle/GG binder interface

and  inhibits  the  surface  layered-to-spinel  phase  transformation,  resulting  in

voltage decay mitigation.
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4. Conclusions

  In  summary,  the  electrochemical  performance,  electrode/electrolyte

interfaces, morphology, microstructure, valence state and local structure of Mn

element of Li1.2Ni0.2Mn0.6O2 material was comparatively studied by applying PVDF

or  GG binder.  The  results  have  revealed  the  role  of  GG binder  in  reducing

capacity fading and voltage decay of the Li-rich cathode. In comparison with

PVDF binder, the GG binder has a strong adhesion effect with Li-rich material,

preventing  effectively  the  electrode  crack  and  active  material  loss.  More

importantly, the GG binder facilitates the formation of a uniform protective layer

on  Li-rich  particles  surface,  which  provides  a  stable  cathode  electrolyte

interphase  (CEI)  and  alleviate  the  electrolyte  decomposition  and  particles

etching  from electrolyte.  The  GG binder  can  also  capture  Mn2+ from  Li-rich

cathode,  inhibiting  Mn  ion  dissolution  and  surface  layered-to-spinel  phase

transformation.  Our  study  has  advanced  the  understanding  the  charge-

discharge mechanism of Li-rich materials and the interaction function of water-

soluble  binders  with  electrode.  It  promotes  practical  applications  of  Li-rich

materials and the widespread use of water-soluble binders. 
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Table and Fig. captions：

Table 1.  Impedance  parameters  of Li1.2Ni0.2Mn0.6O2  using PVDF or  GG as

binder at different potential during first charge at 0.2 C.

Table 2. Impedance parameters of Li1.2Ni0.2Mn0.6O2 using PVDF or GG as 

binder after different cycles at 0.5 C.

Fig.  1.  The  electrochemical  performance  comparison.  (a)  Initial  charge-

discharge profile of Li1.2Ni0.2Mn0.6O2 at 0.2 C using PVDF or GG as binder; (b) CV

curves of electrodes only consisting of PVDF or GG binder with a  scan rate of

0.2 mV s-1. (c) Cyclabiltiy and (d) average discharge voltage of Li1.2Ni0.2Mn0.6O2 at

0.5 C using PVDF or GG as binder. 

Fig.  2.  The  comparison  of  electrode/electrolyte  interfacial  properties.  (a)

Nyquist plots of Li1.2Ni0.2Mn0.6O2 before cycling using PVDF or GG as binder, and

the equivalent circuit model for EIS tests is inserted; (b) The evolution of

RCEI of Li1.2Ni0.2Mn0.6O2 at different first-charge potential, and PVDF or GG was

used as binder respectively;  Nyquist  plots  of  Li1.2Ni0.2Mn0.6O2 after  different

cycles at 0.5 C using (c) PVDF and (d) GG as binder.

Fig. 3.  The electrode morphology comparison. SEM images of  Li1.2Ni0.2Mn0.6O2

electrodes before cycling (a) using PVDF binder (b) using GG binder, and after

50 cycles at 0.5 C (c) using PVDF binder (d) using GG binder.
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Fig. 4. The microstructure comparison. TEM images of Li1.2Ni0.2Mn0.6O2 material

after 50 cycles at 0.5 C using (a, b) PVDF and (c, d) as binder.

Fig. 5.  The comparison of valence state and local structure of Mn element in

Li1.2Ni0.2Mn0.6O2  during  first  cycle.  Ex-situ  Mn  K-edge  XANES  spectra  of

Li1.2Ni0.2Mn0.6O2 during first charge at 0.2 C using (a) PVDF (d) GG as binder. (b)

(e) are local enlarged images of region A of (a) (c) respectively. (c) (f) are local

enlarged images of region B of (a) (c) respectively. An enlarged image of peak

in (f) is insert.

Fig. 6.  The comparison of valence state and local structure of Mn element in

Li1.2Ni0.2Mn0.6O2  after  different  cycles.  Ex-situ  Mn K-edge  XANES spectra  of

Li1.2Ni0.2Mn0.6O2 after different cycles at 0.5 C using (a) PVDF (d) GG as binder. (b)

(e) are local enlarged images of region A of (a) (c) respectively. (c) (f) are local

enlarged images of region B of (a) (c) respectively.

Scheme 1. Role of (a) PVDF and (b) GG binder in charge-discharge process of

Li1.2Ni0.2Mn0.6O2  material.  Comparing with commercial  PVDF binder,  GG binder

provides  stable  cathode  electrolyte  interphase  (CEI),  inhibits  electrolyte

decomposition, particles etching and surface structural transformation.
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Table 1.  Impedance  parameters  of Li1.2Ni0.2Mn0.6O2  using  PVDF or  GG as  binder  at

different potential during first charge at 0.2 C.

PVD

F

OCP 3.5

V

3.7

V

3.9

V

4.1

V

4.3

V

4.4

V

4.5

V

4.6

V

4.7

V

4.8

V

RS 3.78 3.73 3.82 3.88 3.82 3.89 3.74 3.79 4.02 4.01 3.99

RCEI 211.

8

157.

3

140.

6

126.

7

116.

1

136.

1

176.

3

199.

4

200.

9

220.

1

223.

2

GG OCP 3.5

V

3.7

V

3.9

V

4.1

V

4.3

V

4.4

V
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Table 2. Impedance parameters of Li1.2Ni0.2Mn0.6O2 using PVDF or GG as binder after 

different cycles at 0.5 C.

PVDF OCP 25th 50th 75th

RS 3.79 7.15 25.05 9.81

RCEI 211.8 454.8 530.9 831.1

GG OCP 25th 50th 75th

RS 2.38 3.44 3.85 3.43

RCEI 82.6 96.7 91.3 86.4
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Fig. 1. The electrochemical performance comparison. (a) Initial charge-discharge profile of

Li1.2Ni0.2Mn0.6O2 at  0.2  C using  PVDF or  GG as  binder;  (b)  CV curves  of  electrodes  only

consisting of PVDF/GG binder and carbon black (1:1 in weight ratio) on Al current collector

with  a  scan  rate  of  0.2  mV  s-1.  (c)  Cyclabiltiy  and  (d)  average  discharge  voltage  of

Li1.2Ni0.2Mn0.6O2 at 0.5 C using PVDF or GG as binder. 
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Fig. 2.  The comparison of electrode/electrolyte interfacial properties. (a)  Nyquist plots of

Li1.2Ni0.2Mn0.6O2 before  cycling using  PVDF or  GG as  binder,  and the equivalent  circuit

model for EIS tests is inserted; (b) The evolution of RCEI of  Li1.2Ni0.2Mn0.6O2 at different

first-charge potential, and PVDF or GG was used as binder respectively; Nyquist plots

of Li1.2Ni0.2Mn0.6O2 after different cycles at 0.5 C using (c) PVDF and (d) GG as binder.
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Fig. 3.  The electrode morphology comparison. SEM images of  Li1.2Ni0.2Mn0.6O2 electrodes

before cycling (a) using PVDF binder (b) using GG binder, and after 50 cycles at 0.5 C (c)

using PVDF binder (d) using GG binder.
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Fig. 4.  The microstructure comparison. TEM images of  Li1.2Ni0.2Mn0.6O2 material  after 50

cycles at 0.5 C using (a, b) PVDF and (c, d) as binder. 
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Fig. 5. The comparison of valence state and local structure of Mn element in Li1.2Ni0.2Mn0.6O2

during first cycle. Ex-situ Mn K-edge XANES spectra of Li1.2Ni0.2Mn0.6O2 during first charge

at 0.2 C using (a) PVDF (d) GG as binder. (b) (e) are local enlarged images of region A of (a)

(c) respectively.  (c) (f) are local enlarged images of region B of (a) (c) respectively.  An

enlarged image of peak in (f) is insert.
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Fig. 6. The comparison of valence state and local structure of Mn element in Li1.2Ni0.2Mn0.6O2

after different cycles. Ex-situ Mn K-edge XANES spectra of Li1.2Ni0.2Mn0.6O2 after different

cycles at 0.5 C using (a) PVDF (d) GG as binder. (b) (e) are local enlarged images of region

A of (a) (c) respectively. (c) (f) are local enlarged images of region B of (a) (c) respectively.
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Scheme  1.  Role  of  (a)  PVDF  and  (b)  GG  binder  in  charge-discharge  process  of

Li1.2Ni0.2Mn0.6O2  material.  Comparing  with  commercial  PVDF  binder,  GG  binder  provides

stable  cathode  electrolyte  interphase  (CEI),  inhibits  electrolyte  decomposition,  particles

etching and surface structural transformation.

37




