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ABSTRACT
Electron/ion-conductive flexible copolymer PEDOT-PDMS (poly(3,4-ethylenedioxythiophene)-poly(dimethylsiloxane)) was
successfully  developed,  which  not  only  effectively  optimizes  high-voltage  NaLiFePO4F  cathode  through  dripping  on
electrode surface but also improves high-capacity Si anode through  in-situ polymerization on the surface of Si particles.
Theoretical calculation and experiments indicate that π-π conjugated structure in PEDOT-PDMS molecular chains easily
interacts with PF6– anions, providing electron transfer pathways and preventing HF production. Moreover, Li ions transfer
through Si-O in the amorphous phase of the copolymer, and its Young’s modulus at rupture is 1.17±0.10 MPa. The in-situ
TEM  results  directly  confirm  that  the  polymer  layer  provides  conducting  pathways  and  buffers  the  stress  induced  by
lithiation.  With  the  NaLiFePO4F  coated  cathode,  the  cells  show  good  cycle  stability  (~100% of  capacity  retention  after
500 cycles) and high chemical diffusion coefficient of lithium-ions (1.89×10–9 cm2·s–1 and 1.20×10–9 cm2·s–1). In the case of
coated Si anode, a capacity of 1512 mAh·g–1 is retained after 1000 cycles at 0.5 C with a capacity retention of 69.8% in
terms  of  the  highest  specific  capacity  around  the  160th  cycle.  This  work  opens  a  new  avenue  for  the  simultaneous
optimization of cathode and anode with a functional polymer.
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1    Introduction
Li-ion batteries have been one of the most attractive novel energy
storage  systems  for  powering  electric  devices  because  of  their
intrinsic  advantages  such  as  high  energy  density,  high  efficiency,
and no memory effect [1–3]. With increasing energy demand for
electric vehicles (500 km drive range after one charging event), the
costs  of  Li-ion  battery  packs,  and  their  safety  have  to  be  further
optimized [4, 5].

⇌

Low-cost  NaLiFePO4F  is  a  promising  candidate  because  of  its
framework  connectivity  which  could  show  high  potential.  It  is
attributed  to  the  inductive  effect  of  PO4

3– group  and  electron-
withdrawing  characteristic  of  F–.  In  addition,  the  Na+ ions  with
relatively  larger  size  could  enhance  the  structural  stability.
Unfortunately,  NaLiFePO4F  is  significantly  sensitive  to
hydrofluoric (HF) acid generated during the operation of batteries
(LiPF6 LiF + PF5,  PF5 + H2O → POF3 + 2HF). Furthermore, its
electronic conductivity should also be improved. As for anode, Si
has been considered to be one of the most promising materials for
next-generation lithium-ion batteries due to the well  known high

theoretical  capacity  (4200  mAh·g–1,  based  on  the  full  lithiation
reaction  with  the  formation  of  Li22Si4 ),  about  ten  times  that  of
commercial  graphite  anode,  low  lithiation  voltage  plateau  (0.2‒
0.3  V  vs.  Li/Li+)  that  could  avoid  the  undesirable  lithium  plating
and  formation  of  lithium  dendrite  and  consequently  improve
safety,  abundance  on  the  earth  (the  second  abundant  element,
28%  by  mass),  good  environmental  compatibility,  low  toxicity,
and good chemical stability, which is comparable to lithium metal
[6–8].  Unfortunately,  several  drawbacks  limit  its  wide  industrial
applications, such as significant volume expansion (~300%‒400%),
low  electronic  conductivity  (10–3 S·cm–1,)  and  lithium  diffusion
capability  (10–14 and  10–13 cm2·s–1)  [9].  The  specific  energy  density
equation:

E=
w Q

0
V(q)dq/wt (1)

C =
r Q
0 dq/wtshows  that  the  specific  capacity  and  working

voltage are directly related to energy density.
Therefore,  it  is  vital  to  optimize  the  efficiency  of  NaLiFePO4F

cathode and Si anode. Taking into account the attempts of surface
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modifications  made  to  adjust  the  physical  and  chemical
performances of electrode materials, surface coating at the level of
active  material  or  prepared  electrode  is  a  facile  approach  to
improve electrical conductivity and provide surface protection [10,
11].  However,  the  conventional  coating  materials  are  brittle  and
weak  in  adhesion,  which  could  lead  to  delamination  from  the
surface and thus diminish its performance [12]. In addition, these
coating  materials  are  of  low  ions  and/or  electrons  conductivity,
decreasing  the  rate  performance  and  increasing  the  irreversible
capacity of the batteries.

Conducting  polymers  have  been  broadly  applied  in  the
modifications  of  electrode  materials  in  batteries.  Recently,
polymers,  especially,  three  of  the  most  well-known  conducting
polymers,  poly  (3,4-ethylenedioxythiophene)  (PEDOT),
polypyrrole  (PPy)  and polyaniline  (PANI),  have  been considered
as  promising  type  of  surface  coating  materials  [13, 14].  They  are
electrochemically and thermally stable in batteries. In our original
group,  Chen  et  al.  reported  an  oCVD  technique  to  build  a
protective conductive PEDOT skin on cathode materials [15], and
Cheng et al. reviewed the protective coating used for Li metal [16].
The  capability  of  these  three  polymers  decreases  in  the  order  of
PEDOT > PPY > PANI [17]. Nevertheless, they do not occupy the
capability  of  conducting  Li+ ions  and  present  relatively  poor
flexibility.  Hence,  it  is  important  to  develop a  polymer with high
electrical and ionic conductivity, as well as good flexibility, and at
the  same  time,  it  can  absorb  HF  or  prevent  HF  generation,
implementing the optimization on both NaLiFePO4F cathode and
Si  anode.  Among  the  aforementioned  polymers,
poly(dimethylsiloxane) (PDMS) has also attracted much attention.
It has been used as a stable interfacial layer for high-performance
Li-metal  batteries  due  to  its  mechanical  flexibility  and  chemical
stability [18, 19].

Herein,  the  desired  copolymer  PEDOT-PDMS  can  be
successfully synthesized based on h2PDMS and EDOT monomer,
optimizing  efficiency  of  NaLiFePO4F  cathode  and  Si  anode.  The
reaction  occurs  between  ethylenedioxythiophene  (EDOT)
conductive  skeleton  and  flexible  hydride  terminated
poly(dimethylsiloxane)  (h2PDMS)  with  the  assitant  of  Karstedt
catalyst.  The  PF6

– anions  easily  interact  with  the  conjugate
structure in PEDOT-PDMS, leading to less amount of PF5 in the

electrode  and  subsequently  less  HF.  In  addition,  π-π  conjugated
structure provides electron transfer pathways and Li+ ions transfer
through  Si-O  in  the  amorphous  phase.  The in-situ TEM  results
directly  confirm  that  the  polymer  coating  layer  provides
conducting  pathways  and  buffers  the  stress.  Young’s  modulus  of
copolymer  film  at  rupture  is  1.17±0.10  MPa.  Remarkably,
NaLiFePO4F coated cathode shows good cycle stability (~100% of
capacity retention after 500 cycles) and Si anode endows a capacity
of 1512 mAh·g–1, which is retained after 1000 cycles at 0.5C with a
capacity  retention  of  69.8%  in  terms  of  the  highest  specific
capacity. 

2    Experimental
Details of the experimental section are provided in the Electronic
Supplementary Material (ESM). 

3    Results and discussion
PEDOT-PDMS  polymer  is  synthesized  through  the
hydrosilylation  and  dehydrocoupling  reaction  that  occurred
between  h2PDMS  and  the  EDOT  monomer  (Fig. 1(a)).  The
hydrosilylation  reaction  occurs  between  Si-H  and  C=C  groups,
and dehydrocoupling reaction occurs simultaneously between Si-
H (C-H) and C-H in the presence of Karstedt catalyst, as shown in
Fig. 1(b).  The  solution  before  the  reaction  is  nearly  transparent
(Fig. S1  in  the  ESM).  However,  it  changes  to  yellowish  after  the
reaction  with  Karstedt  catalyst,  indicating  that  the  reaction  has
taken place.

To  identify  the  product  resulting  from  the  reaction  between
EDOT and h2PDMS, the Fourier transform infrared spectroscopy
(FTIR) spectra of  h2PDMS and PEDOT-PDMS are measured,  as
shown  in Fig. 1(c).  The  peaks  around  2958  and  2900  cm–1 are
attributed  to  stretching  vibrations  of  CH3 groups;  the  peaks  at
1411 and 1260 cm–1 are assigned to the deformation vibration and
symmetrical vibrations of CH3 groups; the peak at 793 cm–1 is due
to the CH3 rocking vibration and the Si-C stretching vibration; the
peaks at  1085 and 1030 cm–1 are assigned to the asymmetric and
symmetric  stretching  of  Si-O-Si  for  PDMS,  respectively  [20].
Obviously, the characteristic Si-H group at 2131 and 908 cm–1 has
disappeared,  providing  evidence  that  there  occurs  the  reaction

 

Figure 1    (a)  Schematic  illustration  about  the  synthesis  of  PEDOT-PDMS,  (b)  Synthesis  mechanism  of  PEDOT-PDMS,  (c)  FTIR  spectroscopies  of  h2PDMS  and
PEDOT-PDMS, (d) XRD patterns and (e) stress-strain curve of PEDOT-PDMS film (inset shows photo of film). EIS of (f) SS electrode and (g) SS@PEDOT-PDMS
electrode in symmetrical cells after the first and the second cycles along with equivalent circuit.
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between  h2PDMS  and  EDOT  [21].  Some  new  peaks  can  be
observed in FTIR spectroscopy of PEDOT-PDMS. The new peaks
around 1470  and 2857  cm–1 are  attributed  to  the  C=C band and
symmetric  CH2 stretching,  respectively  [22].  The  characteristic
peak  around  865  cm–1 for  the  Si-C  bond  overlaps  with  those  for
the CH3 rocking vibration and the Si-C stretching vibration.  The
measurement  on  nuclear  magnetic  resonance  (NMR)  spectra  of
EDOT, h2PDMS, and PEDOT-PDMS are further conducted (Fig.
S2  in  the  ESM).  Signals  1(C=CH)  and  2  (CH2)  are  assigned  to
EDOT monomer [23]. Signals 3 (Si-H) and 4 (CH3) are assigned
to  h2PDMS  [24].  The  characteristic  C=CH  and  Si-H  signals  are
used to evaluate the reaction between EDOT and h2PDMS. After
the  reaction,  the  C=CH  signal  disappears  while  the  CH2 signal
remains  unchanged.  In  addition,  the  Si-H  signal  disappears  and
the  CH3 signal  is  also  unchanged.  A  new  signal  5  at  around
1.55  ppm  appears,  which  can  be  associated  with  the  CH  group.
Hence, the PEDOT-PDMS product can be confirmed initially by
using FTIR and NMR spectra.

The  X-ray  diffraction  (XRD)  patterns  of  PEDOT-PDMS  film
shows  no  sharp  peaks  except  two  broad  peaks  (Fig. 1(d)).  The
broad peaks located at 2θ=8.5°‒14.9° and 17.1°‒26.2° are ascribed
to  the  amorphous  phase  of  PEDOT-PDMS  [25].  In  general,  the
amorphous  phase  is  more  ductile  than  crystalline  phase  and  can
accelerate the transfer of Li+ ions [26]. The mechanical properties
of  PEDOT-PDMS are investigated to test  its  flexibility (Fig. 1(e)).
A brown film forms after  drying the  reacted solution,  which can
be  bent  without  fracture.  The  film  exhibits  elastic  and  plastic
behavior.  The  tensile  stress  and  strain  at  rupture  are  0.24±
0.03  MPa  and  22.4±2.1%,  respectively.  The  Young’s  modulus
(elastic  modulus)  is  1.17±0.10  MPa.  The  PEDOT  film  shows
brittle behavior with a Young’s modulus of 284 MPa and a strain
at  rupture  of  8.5%  [27].  In  addition,  the  Young’s  modulus  of
PDMS  sheet  is  605  kPa  [28].  In  comparison,  the  copolymer
PEDOT-PDMS film is more flexible than PEDOT film and more
brittle  than  PDMS  film,  making  it  more  feasible  to  modify
electrode  materials.  In  the  PEDOT-PDMS  film,  molecules  can
form  a  helix  structure  because  of  the  corresponding  rotations
around the highly flexible Si-O bonds, leading to good mechanical
properties [29].

To  evaluate  the  conducting  property  of  the  PEDOT-PDMS
film,  the electrochemical  impedance spectroscopy (EIS)  curves  of
symmetrical cells assembled with stainless steel sheets as electrodes
(SS//SS) is shown in Fig. 1(f). The EIS curves of symmetrical cells
assembled with stainless steel sheet coated by PEDOT-PDMS film
as electrodes (SS@PEDOT-PDMS//SS@PEDOT-PDMS) is shown
in Fig. 1(g). It should be noted that the first EIS is performed after
the  cells  rest  for  2  min  and  the  second  cycle  is  performed  after
resting  for  15  h.  The  total  resistance  of  bulk  (Rb)  and  charge
transfer (Rct) for SS//SS at the first cycle (4.0 Ω) is close to the total
resistance at the second cycle (3.6 Ω), which can be obtained from
the intersection of  the  linear  portion of  the  curve  and the x-axis.
However,  for  SS@PEDOT-PDMS//SS@PEDOT-PDMS,  the  total
resistance (Rb+Rct) is about 85.9 Ω in the first cycle, which is much
higher than that of SS//SS due to the resistance of PEDOT-PDMS
layer. However, it  decreases to 69.1 Ω after the second cycle. The
conductivity can be determined by Eq. (2):

σ = qpμ (2)

where q is  the  unit  charge  (1.6×10–19 C), ρ and μ are  carrier
concentration  and  mobility,  respectively.  The  carrier
concentration is directly related to the doping level. At first, there
is  no  dopant  in  PEDOT-PDMS,  but  the  dopants  (PF6

– in

electrolyte)  in  PEDOT-PDMS  increase  with  cycles.  More  anion
dopings coupled to π-π conjugated structure can result in electron
conduction  [30].  Hence,  the  carrier  concentration  in  PEDOT-
PDMS  increases  with  increasing  cycling  number,  leading  to  an
increase  in  conductivity.  In  addition,  the  linear  portion  of  the
curve  is  not  parallel  to  the y-axis,  indicating  the  Li+ ion
transportation.  The  Si-O  segments  can  lead  to  an  amorphous
structure that offers a sufficient Li+ ion mobile pathway [31]. The
results indicate that the copolymer PEDOT-PDMS could provide
Li+ transfer  pathway  resulting  from  the  amorphous  phase  and
become  conductive  because  of  the  conjugated  structure.
Meanwhile,  it  has  good  mechanical  properties.  Therefore,  the
results  demonstrate  that  PEDOT-PDMS can be  used to  improve
the performance of NaLiFePO4F electrode and Si anode.

NaLiFePO4F  electrode@PEDOT-PDMS  is  prepared  by
applying  the  PEDOT-PDMS  solution  on  the  surface  of  each
electrode  made  of  NaLiFePO4F as  active  material  (Fig. 2(a)).  The
PEDOT-PDMS  layer  and  the  contact  between  PEDOT-PDMS
and  NaLiFePO4F  electrode  can  be  observed  from  cross-sectional
scanning  electron  microscopy  (SEM)  image  of  the  coated
electrode  (Fig. 2(b)).  The  thickness  of  the  coating  is  uneven
because  of  the  pothole  of  NaLiFePO4F  electrode.  The  section
marked with the yellow line is NaLiFePO4F electrode and the red
line  section  is  PEDOT-PDMS  layer.  The  good  contact  and
compatibility between NaLiFePO4F and coating are observed. The
surface of the coated electrode is  smooth while the surface of the
bare  electrode  is  rough  (Figs.  2(c) and 2(d)).  In  EDS  spectra  of
NaLiFePO4F  electrode@PEDOT-PDMS,  there  are  no  peaks  for
the  elements  of  NaLiFePO4F electrode  (Fig. S3  in  the  ESM).  The
element S is not present in the coated electrode because its content
is  lower  than  the  detection  limit.  This  result  demonstrates  that
NaLiFePO4F electrode has been protected by the PEDOT-PDMS
coating.  The  protected  layer  does  not  affact  the  crystalline
structure of  NaLiFePO4F electrode (Fig. 2(e)).  In addition,  the X-
ray photoelectron spectra (XPS) results of PEDOT-PDMS sample
and  NaLiFePO4F  electrode@PEDOT-PDMS  electrode  exhibit
similar spectra (Fig. 2(f)).  The representative peaks of  C 1s,  O 1s,
Si 2s, Si 2p, S 2s and S 2p are detected in the spectra, and no other
peaks  appear.  The  peak  at  100.4  eV  is  assigned  to  the  new  Si-C
bond  in  PEDOT-PDMS.  The  XPS  results  further  indicate  the
formation of the compact PEDOT-PDMS layer on the surface of
NaLiFePO4F electrode.

The PEDOT-PDMS coating can enhance the charge transfer at
the  interface  between  electrolyte  and  electrode,  which  can  be
confirmed  by  the  EIS  of  NaLiFePO4F  electrode  with  different
thickness  of  PEDOT-PDMS  coating  (Fig. S4  in  the  ESM).  The
charge  transfer  resistance  (Rct)  for  NaLiFePO4F  control,
NaLiFePO4F coated with coating of  1  and 3  μm are  around 180,
163  and  140  Ω,  respectively.  In  contrast,  the  NaLiFePO4F  with
thick  coatings  (5  and  6  μm  in  thickness)  exhibit  larger  charge
transfer resistance because the charge diffusion path in the coating
during  the  electrochemical  reaction  is  longer.  The  large  charge
transfer resistance could lead to polarization including the internal
resistance drop and the concentration polarization, and then result
in  poor  charge/discharge  efficiency  and  finally  the  loss  of  active
material  and  capacity  decay.  Hence,  the  electrode  shows  a  lower
initial capacity, a longer capacity increase, and poor cycle stability,
obtaining a capacity retention rate of only 82.1% after 200 cycles at
a  current  rate  of  0.2  C  (Fig. S5  in  the  ESM).  The  thick  coating
could delay electrode activation, so it takes a long time for the cells
fabricated with an electrode with the thick coating to reach a stable
capacity.  The  NaLiFePO4F  electrodes  coated  by  thicknesses  of
1  and  3  μm  exhibit  an  improvement  in  specific  capacity.  The
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discharge capacities of the NaLiFePO4F control, NaLiFePO4F with
the coating 1 μm in thickness, and NaLiFePO4F with coating 3 μm
in thickness are initially at 94.7, 102.3, and 115.5 mAh·g–1, but they
change  to  91.5,  100.1,  and  113.8  mAh·g–1 after  200  cycles,
corresponding to 96.6%, 97.8%, and 98.5% of the specific capacity
retention,  respectively.  The  results  indicate  that  the  coating  can
protect  NaLiFePO4F,  resulting  in  no  loss  of  active  material  and
high  capacity.  Thus,  the  thickness  of  the  PEDOT-PDMS  layer
plays an important role in improving the cycle performance of the
NaLiFePO4F  electrode.  On  the  other  hand,  to  verify  whether
PEDOT-PDMS material  contributes  to  the  capacity  of  the  whole
battery,  the  batteries  with  bare  PEDOT-PDMS  electrode  as
cathode  and  Li  foil  as  a  reference  electrode  are  examined  under
the  same  conditions.  The  bare  PEDOT-PDMS  electrode  is
prepared by applying the PEDOT-PDMS solution on the surface
of Al foil directly without binder and super P. The specific capacity
of the bare PEDOT-PDMS electrode is very small but very stable
even after  200 cycles  (Fig. S6  in  the  ESM),  indicating a  negligible
contribution  to  capacity  and  stable  chemical  and  electrochemical
properties  of  PEDOT-PDMS  material.  The  cyclic  voltammetry
(CV)  plot  of  the  bare  PEDOT-PDMS  electrode  further  indicates
good electrochemical stability (Fig. S7 in the ESM).

The CV plots for the NaLiFePO4F control and PEDOT-PDMS
coated NaLiFePO4F electrode are  obtained in  the  potential  range
of 2.0‒4.5 V at a scan rate of 0.1 mV·s–1. Typically, the anodic peak
at  the  potential  of  ~3.53  V  corresponds  to  oxidation  of  Fe  from
Fe2+ to Fe3+ [32]. For the NaLiFePO4F control electrode, the anodic
peak at the potential of 3.53 V shifts to a high potential (~3.62 V)
after the first cycle, which is related to the kinetic limitations of the
control  electrode (Figs.  2(g) and 2(h)).  While for PEDOT-PDMS
coated NaLiFePO4F electrode, the anodic peak gradually shifts to a
lower potential with cycling (Figs. 2(i) and 2(j)), indicating that the
introduction  of  PEDOT-PDMS  can  lead  to  a  decrease  in

polarization  effect  and  an  improvement  in  electrochemical
performance.  Furthermore,  it  can  be  indicated  from  the  CV
curves  that  the  redox  peak  currents  of  PEDOT-PDMS  coated
NaLiFePO4F  electrode  are  higher  than  that  of  the  NaLiFePO4F
control  electrode,  indicating  higher  Li  insertion  capacity.  As  a
result, PEDOT-PDMS on the surface of the prepared NaLiFePO4F
electrode is supposed to effectively facilitate the ions and electrons
transport and finally enhance the reaction kinetics for the effective
use  of  NaLiFePO4F  active  material,  which  will  further  be
confirmed by using Galvanostatic intermittent titration technique
(GITT) measurement.

The  GITT  is  a  reliable  method  to  evaluate  the  chemical
diffusion  coefficient  of  lithium-ions  (DLi

+)  during  cycling.  It  was
employed to determine the DLi

+ of  NaLiFePO4F control electrode
and the PEDOT-PDMS coated NaLiFePO4F electrode during the
charging  and  discharging  process.  The  value  of DLi

+ can  be
calculated according to the following Eq. (3) [33]:

DLi+ =
4L2

πτ

(
∆Es

∆Eτ

)2

(3)

where L (cm) and τ(s) are the electrode thickness and the time of
the current pulse, and ΔEs and ΔEτ are the voltage change during
the rest and current pulse. During the charging state, the diffusion
coefficients  of  NaLiFePO4F  control  and  coated  electrodes  are
about 7.17×10–10 and 1.20×10–9 cm2·s–1, respectively (Figs. S8(a) and
S8(c)  in  the  ESM).  During  the  discharging  state,  they  are  about
5.29×10-10 cm2 s-1 and  1.89×10–9 cm2·s–1,  respectively.  The  higher
diffusion coefficient, the smaller over-potential and voltage drop of
the PEDOT-PDMS coated NaLiFePO4F electrode (Figs. S8(b) and
S8(d) in the ESM), demonstrating that the PEDOT-PDMS coating
layer can improve the conductivity of the NaLiFePO4F electrode.

Figures  3(a) and 3(b) exhibit  the  voltage  profiles  of  the

 

Figure 2    (a) Schematic illustration about preparation of coated NaLiFePO4F electrode. (b) Cross-sectional image of NaLiFePO4F@PEDOT-PDMS electrode. SEM of
(c) NaLiFePO4F electrode, (d) NaLiFePO4F@PEDOT-PDMS electrode, (e) XRD and (f) XPS of NaLiFePO4F electrode and NaLiFePO4F@PEDOT-PDMS electrode.
CV curves of (g) and (h) NaLiFePO4F control electrode and (i) and (j) NaLiFePO4F electrode@PEDOT-PDMS.
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NaLiFePO4F  control  and  PEDOT-PDMS  coated  NaLiFePO4F
electrode, respectively. The initial charge and discharge capacity of
the  control  electrode  is  76.3  and  52.2  mAh·g–1,  respectively.  The
initial Coulombic efficiency is 68.4%. For the coated electrode, the
initial  charge  and discharge  capacity  is  81.7  and 66 mAh·g–1,  and
the  corresponding  initial  Coulombic  efficiency  is  80.8%.  After
500 cycles,  the charge and discharge capacity of control electrode
decrease  to  59.5  and  59.2  mAh·g–1,  respectively,  while  the  charge
and  discharge  capacity  of  coated  electrode  increase  to  88.1  and
87.3  mAh·g–1,  respectively.  Compared  with  the  NaLiFePO4F
control  electrode,  the  coated  electrode  shows  a  smaller
polarization  gap  with  cycling.  The  larger  polarization  of  the
NaLiFePO4F  control  electrode  results  from  the  limited  Li-ion
diffusion  and  charge  transfer  at  the  interface  between  electrolyte
and  electrode.  The  coated  electrode  shows  better  interfacial
chemistry.  The  layer  could  enhance  electron  conductivity  due  to
more PF6

– doping with cycling. The polarization is responsible for
the cyclability of batteries, which can lead to fast capacity decay of
batteries.  One can also note that  the control  electrode shows low

voltage in the initial cycle than that after the 250th and 500th cycles,
while  the  voltage  of  the  coated  ones  show  a  reverse  trend  with
cycling.  For  NaLiFePO4F  control  electrode  during  charging,  the
inner  resistance  of  the  battery  cannot  be  avoided.  However,  the
conducting  capability  of  the  coated  electrode  could  be  enhanced
with  cycling,  which  is  confirmed  by  anodic  peak  shifting  in  CV
curves. For the control electrode, the anodic peak shifts to a higher
voltage  with  cycling,  while  it  shifts  to  a  lower  voltage  range  with
cycling for the coated electrode.

The cycling performance of NaLiFePO4F control and PEDOT-
PDMS  coated  NaLiFePO4F  electrodes  is  compared  after  up  to
500 cycles at 0.5 C, as shown in Fig. 3(c). Their capacities show an
increasing  trend  with  cycling  in  the  initial  cycles.  Such  trend  for
the  control  electrode  is  completed  after  50  cycles,  while  it  lasts
until about the 130th cycle for PEDOT-PDMS coated NaLiFePO4F
electrode,  which  is  due  to  slow  Na+ and  Li+ exchange,  and  the
gradual penetration of electrolyte into the coating. The penetration
of  electrolyte  can  provide  a  sufficient  amount  of  anions  such  as
PF6

– for  doping,  and  the  full  use  of  active  material.  Thus,  the

 

Figure 3    Charge-discharge  curves  of  (a)  NaLiFePO4F  control  electrode  and  (b)  NaLiFePO4F  electrode@PEDOT-PDMS.  (c)  Cyclic  performance.  EIS  of  (d)
NaLiFePO4F control  electrode and (e) NaLiFePO4F electrode@PEDOT-PDMS along with equivalent circuit.  (f)  Rate performance.  (g) SEM images of  NaLiFePO4F
electrode@PEDOT-PDMS  cathode  before  cycling  and  after  cycling  with  the  elemental  distribution  mapping.  (h)  XPS  spectra  of  NaLiFePO4F  electrode@PEDOT-
PDMS electrode after cycling. (i) Schematic illustration of the effect of PEDOT-PDMS.

 
 

  Nano Research Energy  2025,  4: e9120133 5

 

 

https://www.sciopen.com | https://mc03.manuscriptcentral.com/nre | Nano Research Energy

https://www.sciopen.com
https://mc03.manuscriptcentral.com/nre


specific capacity of the coated electrode is higher than that of the
control  electrode  all  the  time.  The  initial  charge  capacities  of
NaLiFePO4F  control  and  PEDOT-PDMS  coated  NaLiFePO4F
electrodes  are  76.3  and  81.7  mAh·g–1,  respectively.  The  capacities
are  59.5  and  88.1  mAh·g–1 after  500  cycles,  showing  78%,  100%
retention,  respectively.  The  results  indicate  that  PEDOT-PDMS
polymer  layer  can  improve  the  electrochemical  stability  of
NaLiFePO4F  electrodes,  which  has  a  close  relationship  with  the
enhancement  of  electron  transfer  at  the  interface  between  the
electrode and electrolyte [32]. Besides, the polymer layer plays an
important  role  in  preventing  HF  production  and  protecting
NaLiFePO4F from HF attack during cycles, resulting in no loss of
active material. It should also be noted that the initial Coulombic
efficiency  for  the  coated  electrode  is  80.8%  because  of  the
consumption  of  a  certain  amount  of  the  lithium  in  SEI  and  the
insertion of Li+ into the polymer in the first charge and discharge
process.  However,  the  value  (80.8%) is  much higher  than that  of
the control electrode (68.4%) due to the coating protection leading
to fewer side reactions.

To  further  evaluate  the  effect  of  PEDOT-PDMS  on  the
electrochemical  performance  of  NaLiFePO4F,  the  EIS  analysis  of
NaLiFePO4F  control  and  coated  electrodes  are  conducted  before
and  after  500  cycles,  and  the  results  are  shown in Figs.  3(d) and
3(e).  These  two  electrodes  exhibit  a  high-frequency  semicircle
corresponding  to  the  charge  transfer  resistance  (Rct)  and  a  low-
frequency  straight  line  associated  with  lithium-ion diffusion.  The
resistance is related to the activation polarization that occurs in the
electrode-electrolyte  charge  transfer.  The  coated  NaLiFePO4F
electrode  has  smaller Rct for  the  pristine  electrode  and  that  after
500  cycles  (i.e.,  140  and  380  Ω,  respectively)  than  those  of  the
control electrode (180 Ω and 590 Ω). The small increase in Rct for
the  coated  NaLiFePO4F  electrode  indicates  the  significant
improvement  in  the  interfacial  kinetics  because  of  the  improved
conductivity, resulting in a smaller polarization gap and better rate
property, as shown in Fig. 3(f). The capacity of batteries fabricated
with  coated  electrodes  remains  relatively  high  with  rates  varying
from  0.2  C  to  3.0  C  and  then  returning  to  0.2  C.  With  the
increases of the current density, i.e., 0.5 C, 1.0 C, 2.0 C and 3.0 C,
the coated electrode achieves capacities of 84.9, 60.2, 42.3, and 24.7
mAh·g–1,  respectively.  When  the  battery  is  discharged  back  to
lower  current  densities  again,  i.e.,  2.0  C,  1.0  C,  0.5  C  and  0.2  C,
satisfactory  reversible  capacities  are  obtained,  indicating  good
stability at different current densities. The better rate performance
of the coated electrodes suggests the assistance of PEDOT-PDMS
in suppressing the loss of active material and improving electrical
and  ionic  conductivity,  which  has  been  confirmed  by  the  GITT
tests. Although the control electrode also delivers good stability at
different current densities, the capacities are always relatively low.
The  capacity  values  of  64.3,  41.3,  28.7  and  19.6  mAh·g–1 are
obtained at the rates of 0.5 C, 1.0 C, 2.0 C, and 3.0 C.

The SEM images of the coated electrode before (left) and after
cycling of  500 times (right)  are  shown in Fig. 3(g).  The PEDOT-
PDMS layer shows excellent structural integrity and stability even
after 500 cycles. It is because the conductive layer is stable without
dissolution  in  the  electrolyte.  The  surface  of  the  PEDOT-PDMS
layer  becomes  rough  after  cycling.  Simultaneously,  the  surface
elemental  distribution  of  the  coated  electrode  before  and  after
cycling  is  evaluated  by  EDS  mapping.  In  the  case  of  the  sample
before  cycling,  the  elements  C,  O,  Si  and  S  are  distributed
uniformly.  Moreover,  the  presence  of  the  elements  in  the  EDS
maps reveals that the PEDOT-PDMS layer is successfully formed
on  the  surface  of  the  NaLiFePO4F  electrode.  As  for  the  sample

after  cycling,  elements  C,  O,  Si  and  S  also  appear  and  the
distribution  is  still  uniform,  further  indicating  that  the  PEDOT-
PDMS  layer  remains  well  on  the  NaLiFePO4F  electrode  surface
after  cycling.  In addition,  the element F is  detected and no other
elements such as P, Na, and Fe emerge, demonstrating that the F
is derived from LiF of SEI composition instead of LiPF6 electrolyte
salt or NaLiFePO4F electrode. Moreover, it is known that the Na+

ions can be replaced by Li+ after cycling. However, there is no trace
of Na in the polymer layer. The absence of Na in the maps of the
coated electrode after cycling suggests the effective ion conductive
performance  of  PEDOT-PDMS coating  as  Na+ transfers  through
the  polymer  coating  into  the  electrolyte.  This  observation  is  also
supported by the XPS characterization of the coated electrode after
cycling (Fig. 3(h)).  The elements  C,  O,  Si,  S  and F appear  on the
surface  of  the  coated  electrode  after  cycling.  The  PEDOT-PDMS
can  not  only  protect  electrode  from  HF  attack  but  also  provide
transportation  path  to  ions  and  electrons  (Fig. 3(i)).  As  a  result,
PEDOT-PDMS  could  be  a  potential  protective  coating  material
for  the  electrode used in energy storage devices  to  improve cycle
stability.

Previous  studies  indicate  that  PEDOT-PDMS  is  expected  to
serve  as  a  flexible  and  continuous  three-dimensional  structure,
providing  for  volume  buffer  as  well  as  ionic  and  electronic
conduction.  Hence,  silicon  nanoparticles  (SiNP)  are  coated  with
PEDOT-PDMS polymer as a protective coating layer through in-
situ synthesis  to  improve  the  cycling  stability  of  Si  (Fig. 4(a)).  To
confirm that PEDOT-PDMS has successfully formed into a layer
on the surface  of  Si  nanoparticles,  TEM, FTIR,  Raman,  XPS and
XRD  measurements  are  performed  for  raw  Si  and  coated  Si
nanoparticles. Compared with raw Si nanoparticles (Fig. S9 in the
ESM),  a  foam-like network (indicated by arrows in blue) formed
on the surface of Si after coating with PEDOT-PDMS (Fig. 4(b)),
which  cannot  be  detected  in  pure  Si.  The  results  indicate  the
presence of the coating layer on the surface of Si, and the intimate
connection between the polymer matrix and Si nanoparticles. The
thickness  of  the  coating  layer  is  3‒10 nm.  The SAED patterns  of
pure Si nanoparticles (Fig. S10(a) in the ESM) show the Si (311), Si
(220),  and  Si  (111)  crystallographic  planes,  indicating  the
dominant  presence  of  crystalline  Si  phase[34].  However,  the
SAED  patterns  of  the  coated  Si  nanoparticles  (Fig. S10(b)  in  the
ESM) are diffusive, demonstrating the presence of a polymer layer
coated  on  the  surface  of  Si  and  that  the  coating  material  is
amorphous [35].

In  addition,  the  FTIR  patterns  of  SiNP@PEDOT-PDMS  are
similar  to  those  of  PEDOT-PDMS  polymer,  while  they  are
different from those of raw Si (Fig. 4(c)). Compared with the FTIR
patterns  of  PEDOT-PDMS,  there  are  no  new  peaks  for  the
SiNP@PEDOT-PDMS sample. The interaction between PEDOT-
PDMS and Si  is  based on the hydrogen bonding interaction,  i.e.,
between Si-OH, owing to the presence of SiO2 on the surface of Si
particles  and polymer molecules.  One peak at  793 cm–1 is  due to
CH3 rocking vibration and the Si-C stretching vibration. The peak
around 1470 cm–1 is attributed to the new C=C band for PEDOT-
PDMS [22]. The peaks at 1411 and 1260 cm–1 are ascribed to the
deformation vibration and symmetrical vibrations of CH3 groups;
the  peaks  at  1085  and  1030  cm–1 are  due  to  asymmetric  and
symmetric  stretching  of  Si-O-Si,  respectively  [20].  Additionally,
the  characteristic  peak  at  2131  cm–1 for  Si-H  group  in  h2PDMS
disappears,  illustrating the successful  synthesis  of  PEDOT-PDMS
on the surface of Si nanoparticles [21]. The peak around 695 cm–1

is  related  to  in-plane  deformation  of  C-S-C  [36].  Furthermore,
there  is  a  new peak  in  Raman spectra  for  SiNP@PEDOT-PDMS
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and at  the same time the other peaks shift  to left  (Fig. S11 in the
ESM).  Hence,  all  the  results  obtained  from  TEM,  FTIR,  and
Raman demonstrate successful synthesis of PEDOT-PDMS on the
surface of Si. The crystalline structure of raw Si nanoparticles and
coated Si nanoparticles is  characterized by using XRD (Fig. 4(d)).
It  can  be  observed  from the  patterns  of  plain  Si  that  six  obvious
peaks located at 2θ of 28.4, 47.3, 56.1, 69.1, 76.3, and 88, which are
indexed  as  the  (111),  (220),  (311),  (400),  (331),  and  (422)  crystal
planes [37]. Moreover, no impurity peaks in the XRD patterns of
SiNP@PEDOT-PDMS  are  detected,  illustrating  that  PEDOT-
PDMS has no effect on the crystalline structure of Si. The pure Si
and  coated  Si  electrodes  exhibit  different  color  (Fig. S12  in  the
ESM).

The  XPS  results  show  the  elemental  change  of  the
SiNP@PEDOT-PDMS  electrode  before  and  after  cycling,
identifying  the  integrity  of  the  PEDOT-PDMS coating.  It  can  be
seen  that  the  new  F  peaks  at  685.7  eV  originate  from  HF
adsorption  (Fig. 4(e)).  In  addition,  the  peak  of  S  2p  shifts  to  low
binding  energy  (the  green  region  in Fig. 4(f))  after  cycling,
indicating electron-donating groups (such as PF6

–) appear around
S. It is because π-π conjugated structure provides electrons transfer
pathway  and  therefore  the  electron  density  increases.  However,
the peaks of Si 2s (purple area) and Si 2p (blue area) shift to high
binding energy, implying the appearance of electronegative groups
around  Si.  Hence,  Li+ transfers  through  Si-O  in  the  amorphous
phase.  These  results  are  also  confirmed  by  density  functional
theory (DFT) calculation. Before cycling, the structure of PEDOT-
PDMS  is  shown  in Fig. 4(g).  There  is  no  dopants  and  ions.
However,  electron  enrichment  area,  i.e.,  the  yellow  area,  appears
around  π-π  conjugated  structure  during  cycling  (Fig. 4(h)).  The
calculated DLi

+ for Si control electrode is around 5.07×10–13 cm2·s–1

(Fig. S13  in  the  ESM).  However,  for  the  coated  Si  electrode,  it  is

over thirty times that of Si control electrode (2.47×10–11 cm2·s–1). In
addition, the voltage drop caused by the internal resistance for the
coated  electrode  is  smaller  than  that  of  Si  control  one,  which
benefits  the  electrochemical  performance  of  the  batteries.  The
obtained  results  further  illustrate  the  PEDOT-PDMS coating  has
the capability of improving the lithium-ion conductivity of the Si
electrode, reducing the resistance and polarization effect.

To study the electrochemical  performances of  SiNP@PEDOT-
PDMS,  CV  measurement  is  carried  out  (0.1  mV·s–1)  (Fig. 4(i)).
The  CV  plot  for  SiNP@PEDOT-PDMS  electrode  shows  typical
electrochemical  behavior,  i.e.,  there  are  typical  lithiation  and
delithiation  peaks,  which  are  similar  to  that  of  graphene  caged
silicon  nanoparticles  electrode.  The  SiNP@PEDOT-PDMS
electrode shows a larger area of the current vs. voltage curve than
that  of  SiNP  electrode,  implying  a  larger  specific  capacity  of
SiNP@PEDOT-PDMS  electrode.  Moreover,  to  evaluate  the
contribution  of  PEDOT-PDMS  to  the  specific  capacity  of  the
whole batteries,  the CV and electrochemical  cycling performance
of  pure  PEDOT-PDMS  electrode  without  binder  and  super  P  is
measured  on  half  cells.  The  CV  curve  for  PEDOT-PDMS
electrode  shows  a  much  lower  current  than  that  for
SiNP@PEDOT-PDMS,  even  if  it  is  magnified  five  times.
Moreover,  the  current  is  very  stable  and  does  not  show  any
fluctuation. The results indicate that the contribution of PEDOT-
PDMS to  the  capacity  of  the  whole  electrode  is  negligible,  which
also can be further supported by the cycle performance of PEDOT-
PDMS electrode (Fig. S14 in the ESM). The specific capacitance is
between 1 and 2 mAh·g–1, therefore it is negligible compared with
that of silicon. In addition, it  can also be seen that the capacity is
very stable even after 1000 cycles, indicating good electrochemical
stability of PEDOT-PDMS polymer during cycling.

As  for  the  cycling  performance  (Fig. 4(j)),  the  Si  coated

 

Figure 4    (a)  Schematic  illustration  about  synthesis  of  SiNP@PEDOT-PDMS.  (b)  TEM  of  SiNP@PEDOT-PDMS.  (c)  FTIR  of  pure  Si,  PEDOT-PDMS,  and
SiNP@PEDOT-PDMS. (d) XRD of pure Si and SiNP@PEDOT-PDMS. (e) XPS spectra and (f) S 2p, Si 2s, and Si 2p of SiNP@PEDOT-PDMS electrode before and
after cycling. The electron distribution of PEDOT-PDMS (g) before and (h) during cycling. (i) CV curves of pure Si, PEDOT-PDMS electrode and SiNP@PEDOT-
PDMS. (j) Cycle performance of Si control electrode and SiNP@PEDOT-PDMS electrode at 0.5 C. (k) The impedance tests of SiNP@PEDOT-PDMS electrode after
each cycle between 1 and 10 along with equivalent circuit. (l) Schematic illustration about the change of pure Si and coated Si electrode after cycling.
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electrode  shows  an  increase  in  the  capacity  during  the  initial
cycles,  while  this  behavior  cannot  be  observed  for  the  raw  Si
control electrode, which is due to the delayed wetting of electrolyte
into the coated Si electrode. It also can be seen that the Si control
electrode  delivers  a  dramatic  decay  in  specific  capacity  at  0.5  C,
losing  over  70%  of  its  first  specific  capacitance  after  500  cycles
(~605  mAh·g–1).  In  comparison,  the  coated  Si  electrode  shows
good  cyclic  stability  at  0.5  C.  A  specific  capacitance  of
~1512  mAh·g–1 is  still  there  after  cycling  of  1000  times,
corresponding  to  ~69.8%  capacity  retention  according  to  the
highest  specific  capacity  around  the  160th cycle  (~2166  mAh·g–1).
The obtained results are better than or comparable to the results of
previously  reported  Si  particle-based  anode  works  as  listed  in
Table S1 in the ESM. The results can be ascribed to the PEDOT-
PDMS polymer skin that could buffer the huge volume change of
Si anode, leading to the formation of a more stable SEI in cycling.
The Coulombic efficiency can indicate the stability of the SEI due
to  Li  consumption  during  SEI  rupturing  and  reforming.  For
SiNP@PEDOT-PDMS  electrode,  the  corresponding  initial
Coulombic  efficiency  is  77.44%,  which  is  higher  than  that  of  Si
control  electrode  (~67.74%)  (Figs.  S15  and  S16  in  the  ESM),
owing  to  few  side  reactions.  The  Coulombic  efficiency  of  the
coated  electrode  from  the  3rd cycle  increases  to  99.24%,  which  is
faster than that of the Si control electrode (increase to 98.57% after
6 cycles), indicating the quick formation of the stable SEI outside
the coated electrode. However, for the coated electrode, the initial
Coulombic efficiency is still low due to the stable SEI built on the
outside  of  the  PEDOT-PDMS  layer  and  the  insertion  of  Li+ into
PEDOT-PDMS,  consuming  a  certain  amount  of  lithium.  The
continuously  conductive  PEDOT-PDMS  matrix  also  provides
conducting pathways for  fast  electron and Li+ transference which
has been evaluated by GITT and will be further evaluated by using
EIS.

The  Nyquist  curves  for  Si  control  anode  and  SiNP@PEDOT-
PDMS  anode  after  different  cycles  include  a  semicircle  at  high-
frequency and a low-frequency straight line (Fig. 4(k) and Fig. S17
in  the  ESM).  The  high-frequency  semicircle  is  associated  to  the
combined  resistance  of  SEI  layer  (Rsei)  and  charge  transfer
resistance (Rct), as well as the contact interface resistance (Rint). The
straight  line  at  low-frequency  is  associated  to  the  Warburg
impedance  (Zw),  i.e.,  lithium  diffusion  in  the  electrode  materials.
In  the  case  of  Si  control  anode,  the  semicircles  undergo  a
reduction  process  in  the  first  seven  cycles  but  show  obvious
changes  for  the  later  cycles,  reaching  ~60  Ω  at  the  10th cycle.
However, in the case of the coated electrode, the semicircle shrinks
for the first  few cycles,  and no obvious increase in semicircle can
be  observed  afterwards,  keeping  at  around  20  Ω,  which  is  much
lower than that of Si control electrode. In addition, the semicircle
for Si control anode is larger than that for the coated anode after
the  first  cycle.  The  phenomenon  may  be  due  to  the  following
reasons: Firstly, after the first cycle, both of the cells fabricated with
Si control anode and SiNP@PEDOT-PDMS anode have high Rint
and Rct; however, for the bare anode, Rsei is larger due to naked Si.
Secondly, as for the coated anode, the conductivity increases after
Li+ and PF6

– doping and the SEI film is stable due to the capability
of  accommodating  volume  expansion,  leading  to  smaller  and
more  stable  semicircles;  for  the  Si  control  anode,  after  several
cycles, the SEI film starts to crack, resulting in the straightforward
contact  between  Si  and  electrolyte  again,  and  the  formation  of
more  SEI  films  and  high Rsei.  Hence,  the  semicircle  radius
increases  after  seven  cycles  and  the  Coulombic  efficiency  of  Si
control  electrode  is  lower  than  that  of  SiNP@PEDOT-PDMS

electrode in the initial several cycles. In the rate performance test,
the cells are firstly activated for five cycles at 0.05 C and then tested
at 0.2 C, 0.5 C, 0.8 C, and 1.0 C every twenty cycles (Fig. S18 in the
ESM).  The  capacitance  of  a  SiNP@PEDOT-PDMS  electrode
varies  from  ~2411  mAh·g–1 to  ~1166  mAh·g–1 at  charging  and
discharging rate varying from 0.2 C to 1.0 C, which is over twice
larger  than  that  of  conventional  graphite  electrode  (1  C,
372 mAh·g–1).

The difference between Si control electrode and SiNP@PEDOT-
PDMS  electrode  after  cycling  is  illustrated  in Fig. 4(l).  Some
undesirable cracks appear on the surface and inside the Si control
electrode,  while  the SiNP@PEDOT-PDMS electrode still  remains
integrated without  cracks  on the surface  and the interiors,  which
highlight  the  coated  electrode  suffered  from  smaller  volume
change during charge-discharge. The results can be verified in the
surface and the cross-sectional SEM images (Fig. S19 in the ESM).
Obviously, the cross-sectional images that the unlimited growth of
SEI appears in the control electrode. In comparison, the stable SEI
forms  in  the  coated  electrode.  The  obtained  results  directly
indicate  that  the  PEDOT-PDMS  coating  plays  a  positive  role  in
suppressing  volume  change  and  limiting  SEI  growth  of  Si
electrode during charging and discharging processes.

The in-situ TEM  is  used  to  further  directly  confirm  how  the
PEDOT-PDMS coating affects the electrochemical lithiation of Si
particles. Figures  5(a)–5(c) captured  from  Movie  1  in  the  ESM
show  the  initial  lithiation  process  of  the  pure  Si  particle  with
~95.81 nm in diameter before lithiation. Through comparing the
volume change of the Si or coated Si nanoparticles (yellow arrows)
that  are  near  the  Li  source,  it  can  be  found  that,  after  lithiation
(Fig. 5(b))  for  pure  Si,  an  amorphous  shell  is  formed  on  the
surface of crystalline Si core because of the lithiation; After further
lithiation to 210 s, the diameter of Si particle grows to ~122.16 nm
(Fig. 5(c))  while  the  crystalline  Si  core  still  can  be  observed,
indicating  the  incomplete  lithiation  because  of  the  retardation
effect of the stress induced by the lithiation. In addition, the pure
Si particles that are far away (~288.41 nm) from the lithium (red
arrows  and  red  circles  in Figs.  5(b) and 5(c))  do  not  show  the
lithiation  process  even  after  lithiation  for  100  s  because  of  the
retardation  effect.  However,  the  lithiation  could  occur  for  the
coated Si particles that are far away (~329.10 nm) from the lithium
only  after  lithiation  for  50  s  (red  arrows  and  red  circles  in Figs.
5(e) and 5(f)) since the coating could buffer the stress and provide
conducting pathways, in consistent with the GITT, EIS results. On
the other hand,  the diameter of  coated Si  particle  shows a bigger
change  from  ~98.51  to  ~129.10  nm  (Figs.  5(d)–5(f)),  indicating
that there are more amount of Li lithiated inside the coated Si and
smaller self-limiting lithiation since the coat could buffer the stress
during  the  cycling  processes,  which  are  consistent  with  the  SEM
results.  Hence,  the in-situ TEM  results  further  confirm  the
enhanced electrochemical performance of the coated electrode. 

4    Summary
To  effectively  optimize  high-voltage  NaLiFePO4F  cathode  and
high-capacity Si  anode, the desired electron/ionic-conductive and
flexible  copolymer  PEDOT-PDMS  is  successfully  synthesized
from  h2PDMS  and  EDOT.  Theoretical  calculation  and
experiments  indicate  that  π-π  conjugated  structure  in  PEDOT-
PDMS  molecular  chains  provide  electron  transfer  pathways  and
prevent  HF  production,  and  Li  ions  transfer  through  Si-O
segments.  Its  Young’s  modulus  at  rupture  is  1.17±0.10  MPa.
NaLiFePO4F  electrode@PEDOT-PDMS  shows  high  specific
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capacity,  good  cycle  stability  and  high  compared  to
NaLiFePO4F  control  electrode.  The in-situ TEM  results  directly
confirm  that  it  provides  conducting  pathways  and  buffers  the
stress  induced  by  lithiation.  The  lithiation  could  occur  for
SiNP@PEDOT-PDMS  that  are  far  away  from  the  Li2O/Li
electrode, while raw Si particles do not show the lithiation process.
The  for SiNP@PEDOT-PDMS electrode is over thirty times
that  of  Si  control  one.  The  copolymer  PEDOT-PDMS  could  be
also a potential material for optimizing other electrode materials. 
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