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As a highly promising anode material for high-capacity lithium-ion batteries (LIBs), the low electronic con-
ductivity and large volume variation of silicon (Si) make the slurry-coating Si based electrode requiring high
content of “inert” materials and suffering rapid capacity fading. Herein, a polyimine, synthesized via one-step
condensation reaction, has been demonstrated as an ultra-efficient polymer binder that can resolve the above
issues. The polyimine binder containing Si electrode delivers superior electrochemical performance: a delithia-
tion specific capacity of 804.4 mAh g~! with capacity retention of 82.4% after 1000 cycles at the current density
of 2 A g~1. The high efficiency of polyimine binder for Si electrode has also been demonstrated with ultrahigh
weight ratio of “active” material to “inert” material (Ra,1). The electrode with 95 wt% of Si (95Si/Polyimine, Ra,
| = 19) reveals a reversible delithiation capacity of 2114 mAh g~ (capacity retention ~ 80.4%) over 200 cycles
at the current density of 400 mA g ', Even at the high current density of 2 A g~!, a delithiation capacity of
1087.8 mAh g ! after 500 cycles can be obtained. Molecular simulations and atomic force microscopy (AFM)
indentation are utilized to investigate the ultra-efficiency of polyimine binder. With simple manufacturing
process and ultra-efficient binder performance, the designed polyimine binder will be definitely meaningful in
achieving low-cost and high-capacity LIBs with prolonged cycle life.

1. Introduction

Lithium-ion batteries (LIBs) have been immensely used in portable
electronic devices, electric vehicles and smart grids [1-5], while the
widely used anode material, i.e. graphite, only shows a theoretical
specific capacity of 372 mAh g_l [6,7]. Silicon (Si) has demonstrated
great potential as the anode material in LIBs due to its ultra-high theo-
retical specific capacity (3579 mAh g~1), moderate operating voltage
(<0.5 V vs Li/Li") and abundance in the earth’s crust [8-14]. However,
the significant volume variation (~300%) of Si during the repeated
lithiation/delithiation process leads to the pulverization of Si, an un-
stable solid electrolyte interphase (SEI) layer and the isolation of active
materials from the conductive network, resulting in the rapid capacity
fading of Si electrodes [15-21]. Many efforts have been devoted to
address the aforementioned problems, which can be mainly divided into

two categories: structural regulation of active materials and develop-
ment of efficient “inert” materials, i.e., polymer binders. Although Si
electrodes consisting of defined nanostructures such as nanowires,
nanorods, nanosheets, nanotubes, hollow/porous sphere, thin film and
coating with other materials, exhibit significantly improved electro-
chemical performance, this approach always suffers from complicated
fabrication process, expensive devices and difficulties in mass produc-
tion [22-29]. Developing efficient polymer binders is an alternative
approach with great potential in practical applications considering its
relatively low-cost, facile and scalable slurry-coating techniques
[30-35].

There are mainly two categories of binder materials: non-conductive
polymers and conductive polymers [36,37]. For the non-conductive
binders, a conventional polymer polyvinylidene fluoride (PVDF) fails
in Si electrodes due to its weak van der Waals force with Si surface [38].
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Therefore, a large number of polymeric materials with enhanced adhe-
sion force with Si have been developed, such as sodium carboxymethyl
cellulose (CMC) [39], poly(acrylic acid) (PAA) [40], alginate (Alg) [9]
and modified natural polysaccharide [41]. Some other strategies
including the use of self-healing polymers [42], polyrotaxanes with
sliding ring motions [43], polymers with ionic conducting groups [44]
and in-situ cross-linked polymer networks [45], have also been reported
useful in improving the cycling performance of Si electrodes. Recently,
we also reported a polymer binder with optimized adhesion function-
ality and mechanical robustness via tuning both grafting density of
adhesion groups and degree of crosslinking [46]. However, most of these
Si based electrodes require high content of inert materials, i.e., low
weight ratio of “active” materials to “inert” material (Rp,), usually
20-40 wt% of polymer binder (+conductive additives, Ry ~ 4-3/2) for
Si electrode vs 5 wt% for graphite based electrode (Ra,; ~19), and high
content of “inert” materials leads to increased cost and lower energy
efficiency of obtained Si electrode [47-49].

Till now, developing the efficient polymer binder enabling the slurry-
coating Si electrodes with a long cycle life and high Ra,; have rarely been
reported, and such achievement is especially meaningful in practical
application of high energy-density LIBs. Conductive polymers are more
promising due to their multifunctional role as both the binder material
and conducting component [50-54]. Using an in-situ secondary doping
treatment of the poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate) (PEDOT:PSS) with formic acid, Higgins et al. studied
the Si-electrodes with a wide range of Si contents (70-95 wt%), wherein
poor electrochemical performance was observed for the electrodes with
Si contents higher than 80 wt% (Ra,1 > 4) [50]. Liu and co-workers also
introduced the polymer binder poly(1-pyrenemethyl meth-
acrylate-co-methacrylic acid) that allowed for the design of electrodes
containing 90 wt% of Si. Although relatively high specific capacity was
obtained, the capacity retention was only 74.6% after 100 cycles based
on the 5" cycle [52]. Liang and coworkers prepared a conductive poly-
mer binder by partial carbonization of natural polymers, and enhanced
electrochemical performance can be obtained even at a high Si content
(90 wt%), while the capacity retention needs to further optimization (a
discharge capacity of 774 mAh g~ after 300 cycles at 0.33 C) [55].

Herein, we present the design of an ultra-efficient conductive poly-
mer binder, polyimine, allowing a slurry-coating Si electrode with high
Ra,1 value (up to 19) and long cycle life (500-1000 cycles). The obtained
electrode (70Si/Polyimine, the weight ratio of Si in the electrode is 70
wt%) delivers the highly stable cycling performance with capacity
retention of 82.4% after 1000 cycles (delithiation capacity of 804.4 mAh
g’1 at C/2). The electrode with ultra-low “inert” content (95Si/Poly-
imine, Ry, = 19) can still maintain excellent cycling stability (capacity
retention of 80.4% after 200 cycles based on the 4™ cycle, C/10),
outstanding rate capability (~1913mAh g ! at C/4 and ~1413 mAh g~
at C/2) and superior long-term cycling performance (delithiation ca-
pacity of 1087.8 mAh g~ ! after 500 cycles at C/2). Although the pre-
pared polymer binder lacks the large amount of traditional hydrogen-
bonding groups, like -OH and ~COOH, the abundant imine groups in
the repeating units and some terminal amine groups can also provide
efficient interaction with Si surface. Molecular simulations and atomic
force microscopy (AFM) measurements demonstrated that the intra- and
intermolecular interactions between polymer chains and efficient
interaction of polymers with Si surface both contribute to the improved
binder performance.

2. Experimental section
2.1. Preparation of polyimine binder, electrodes

95Si/Polyimine electrode was prepared as follows: 5.7 mg of 4,4'-
Biphenyldicarboxaldehyde (BCA, 0.027 mmol) (Tianjin Heowns

Biochemical Technology Co., Ltd), 4.3 mg of 1,5-Naphthalenediamine
(NDA, 0.027 mmol) (Tianjin Heowns Biochemical Technology Co., Ltd)
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and 0.2 mL of N-methyl pyrrolidone (NMP) (Tianjin Chemical Co. Lt) was
added into the flask. The flask was degassed by three pump-thaw cycles
and heated at 95 °C for 3 h with vigorous stirring under the argon at-
mosphere. After cooling down to the room temperature, 0.19 g of SiNPs
(Aladdin, 30-60 nm, see Fig. S6 for SEM images) and another 1.5 mL NMP
were added into the flask and after vigorous stirring for 2 h, the obtained
slurry was cast on a copper foil and dried in a vacuum oven at 120 °C for
12 h. The electrodes with other Si ratio were prepared under the same
condition by adjusting the weight ratio of SiNPs and monomers.

The electrodes based on PAA (Macklin, M,, ~ 45,000), CMC
(CMC2200, DAICEL) and PVDF (Kynar HSV900, ARKEMA) were pre-
pared by dispersing the SiNPs, binder and Super P carbon (SP) (TIMICAL
SUPER C65) in NMP (deionized water for CMC) with a weight ratio of
70:15:15 or 95:2.5:2.5 and then processing slurry coating, drying and
cutting process at the same condition. The electrode with PEDOT:PSS
(MERYER, 1.5% in water) as the binder was prepared by dispersing the
SiNPs and PEDOT:PSS in deionized water with a weight ratio of 95:5, and
then using the same procedure as the electrodes with PAA, CMC and
PVDF as the binder. The electrode with 100 wt% of Si was prepared by
dispersing the SiNPs in NMP and then processing slurry coating, drying
and cutting process at the same condition with other electrodes. The mass
loading of all electrodes were around 0.5 mg/cm? based on the SiNPs.

2.2. Characterizations of binder and electrode materials

Scanning electron microscope (SEM, JSM-7800, JEOL, Japan),
transmission electron microscopy (TEM, JSM-2800, JEOL, Japan) and
energy dispersive X-ray spectrometer (EDX) were used to analyze the
morphology, structure and element distributions. The X-ray diffraction
(XRD) patterns were collected from the Rigaku D/MAX-2500 XRD
diffractometer, two-theta was scanned from 5° to 90°. Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet iS50 FT-IR Spe-
crometer (Thermo Scientific) with the scanning range was 4000-525
em L Thermogravimetric analysis (TGA) was observed with a Seiko
Exstar 6000 instrument at a scanning rate of 10 'C/min under the N,
atmosphere. The densities of the binders were determined from the mass
(weight balance, Mettler Toledo New Classic MF Model MS105DU) to
volume (gas pycnometer, Micromeretics Accupyc II 1340) ratio under the
atmospheric pressure with the temperature of 20 °C. The glass transition
temperature (Ty) of the polyimine was measured by temperature-
modulated Differential Scanning Calorimetry (DSC, TA instrument
Q1000) in the temperature range of —80 °C-250 °C. The atomic force
microscopy (AFM) indentation was measured using Omega Scope, AIST-
NT (Novato, US) scanning probe microscope. Force-distance curves were
recorded using a calibrated CP-PNPS-SiO-E—5 triangular cantilever
(resonance f = 67 kHz, spring constant k = 0.32 N/m, length L =100 pm).
The specially-prepared cantilevers feature a colloidal SiO, tip with the
diameter of 15 pm in order to simulate the surface of SiNPs. Cantilever
deflection is recorded as the probe approaches the polymer surface,
makes contact (indentation depth of 20 nm), and is retracted (pulled off)
back to the initial non-contacting state. The adhesion force (i.e., pull-off
force) is determined by the product of the spring constant and maximum
cantilever deflection during the retraction part of the force-distance
curves. The reported adhesion forces correspond to the average of at
least 30 repeated measurements conducted from different locations on
the binder film surface for every sample.

2.3. Battery assemble and electrochemical measurements

The electrodes were cut into 1.32 cm? circular sheet to assemble the
CR2032 coin cells (stainless steel CR-2032, Hohsen Corp., Osaka, Japan)
with lithium metal (Tianjin Zhongneng Lithium Industry Co., Ltd,
Diameter = 15 mm) as the counter electrode and polypropylene (Celgard
2400) as the separator. The electrolyte consisted of 1 M LiPFg in ethylene
carbonate/diethyl carbonate (1 : 1 by volume) solution with 10 wt%
fluoroethylene carbonate (FEC). The batteries assemble process was
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conducted in Ar-fill glove box with H>O and O, less than 1 ppm.

The galvanostatic test was obtained by using the LAND CT2001A
battery test system under different current densities with the voltage range
of 0.01-1.5 V. The Crate was set to be a little higher than the full lithiation
capacity of Si as 4000 mAh g~!. The long-term cycling performance was
tested at the current density of 200 mA g™ ! for initial 3 cycles and then at
the high current densities, i.e. 1000 (C/4) or 2000 (C/2) mA g’l. It should
be noted that, the specific capacity in the cycling performance and rate
capability means the delithiation capacity or charge capacity. The cyclic
voltammetry (CV) and electrochemical impendence spectroscopy (EIS)
were measured on the Zennium Pro Electrochemical System with the
scanning speed of 0.1 mV/s and the frequency range of 10 -10* Hz ata 5
mV amplitude, respectively. The electrochemical impendence was
measured with the cells at the fully delithiation state after different
discharge/charge process. All the electrochemical results were obtained at
25 °C in a temperature-controlled chamber.

2.4. Molecular simulations

Simulations of the polymers were carried out using LAMMPS
implementation of force fields derived from OPLS-96 [56]. The general
equation for energy is shown as equation (1) below. This includes
Lennard-Jones and coulombic interactions for non-bonded atoms, and
harmonic bond lengths and angles for bond atoms. Dihedral terms are
used to maintain the rigidity of the aromatic rings. For all functional
groups in the polyimine molecule, the nearest analogue in the OPLS-96
database was used to derive the force fields. Charges on a small number
of atoms were adjusted slightly such that each monomer unit and
termination was charge neutral. A complete list of bond and charge
parameters are shown in the supplemental material.

12 6
Z oy ;i 1 qq;

B {817|:( j) _2( /> :|+ qu}
i,j not bonded Ty Tij 4ney 1

+ Z k,j (r,'j — FQ.,']')Z + Z kijk (9,'/']( — 00,171()2 (1)

i.j bonded i, j, k bonded

+ Y i +eos(2g)

ijk,l dihedral

The quartz surface was taken from Emami et al. [57], who uses
Lennard-Jones, charges, and harmonic bonds and angle terms to simu-
late the quartz surface. The surface was made periodic in all directions,
but the box length in the direction normal to the surface was set very
large to avoid interactions between surface layers. A fully protonated
surface was simulated. The surface was terminated at 4 layers of silica
tetrahedra, and the charges on the bottom-most oxygens was adjusted
such that the entire surface layer had neutral charge. This truncation did
not significantly affect the silicon-oxide network structure. Mixing of
Lennard-Jones parameters between the quartz surface and the poly-
imine polymer were carried out using the arithmetic approach (¢; =
VEéig; and 65 = (0 + 05)/2). Geometric mixing was also tested and
found to give similar results.

Simulations were run using Langevin dynamics with a 10 ns damping
term. The structures were initially relaxed for 10 ns at 2000 K, then ramped
down to 300 K and held for 10 ns. For polymer-polymer interactions, four
polymers with a mixture of amine and methane terminations were simu-
lated. For the quartz-surface a single polymer was simulated with an amine
termination in proximity with the quartz surface.

3. Results and discussion

The synthesis of polyimine binder and the fabrication process of the
electrode are schematically illustrated in Scheme 1a, where the 4, 4’
biphenyldicarboxaldehyde (BCA) and 1, 5-naphthalenediamine (NDA)
were used without purification. After 3 h’ condensation at 95 °C under
argon (Ar) atmosphere, the obtained N-methyl pyrrolidone (NMP) so-
lution of polyimine was directly mixed with Si nanoparticles (SiNPs),
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followed by the slurry-coating, drying and cutting process to afford the
polyimine-containing Si electrodes. As shown in Fig. S1, the peak at
1645 cm ™! in the FTIR spectrum of polyimine indicates the formation of
imine bond from the amine (780 cm’l) and aromatic aldehyde (810
cm 1) groups in the two precursors [58]. As illustrated by the molecular
simulation in Scheme 1b, physical interactions including
nitrogen-hydrogen bonds and aromatic carbon-hydrogen bonds are
formed between the different polyimine chains, which results in a
physically cross-linked three-dimensional (3D) conductive polymer
network. The polyimine binder shows excellent thermal stability with
the decomposition temperature of ~450 °C (Fig. S2a), and the DSC
result reveals the glassy nature of polyimine with glass transition tem-
perature (Tg) higher than 200 °C (Fig. 52b).

The electrochemical stability of polyimine was measured using the
cyclic voltammetry (CV) at the scanning rate of 0.1 mV/s and 1 mV/s as
shown in Fig. S3 and Fig. S4, respectively. The flat peak under the low
scanning rate and good reproducibility of all the peaks under the high
scanning rate suggested the stable electrochemical performance of pol-
yimine in the tested voltage range. The cycling performance of the
polyimine-only electrode was also measured at current density of C/20
(1 C = 4000 mA g}, the same below) in the potential window of
0.01-1.5 V as displayed in Fig. S5. Except for the initial discharge
(lithiation) capacity of 111.6 mAh g%, the capacities of the following
cycles are all less than 10 mAh g !, suggesting the negligible extent of
lithium trapping to the polyimine binder. Scanning electron microscopy
(SEM), scanning transmission electron microscopy (STEM) images
(Fig. S6 a and b) of SiNPs reveal homogenous diameter distribution
around 50 nm. The clear and sharp peaks in the XRD patterns displayed
in Fig. S7 demonstrate the crystallinity nature of the SiNPs [59]. The
energy dispersive X-ray spectrometer (EDX) mapping results
(Figs. S6c-f) indicate the existence of the SiO, on the surface of the
particles. According to previous reports, the abundant hydroxyl groups
of the SiO3 layer will contribute to form efficient interactions between
the binder materials and SiNPs [60,61].

The electrochemical performance of the electrode with 70 wt% of the
SiNPs and 30 wt% of the polyimine binder was initially evaluated. As
shown in Fig. 1a, the 70Si/Polyimine electrode delivers an initial deli-
thiation capacity of 3280.2 mAh g~ ! at the current density of C/10 and a
capacity retention of 85.6% after 100 cycles based on the 4™ cycle
(Table S1). In contrast, the Si electrodes using PAA (70Si/(PAA + SP)),
CMC (70Si/(CMC + SP)) or PVDF (70Si/(PVDF + SP)) as binders (15 wt
% for both binder content and SP content) show the capacity retention of
only 45.2%, 52.1% and 8.0%, respectively, after 100 cycles. The long-
term cycling performance of the electrodes with Si content of 70 wt%
is displayed in Fig. 1e. The 70Si/Polyimine electrode exhibited a deli-
thiation capacity of 800.1 mAh g~ ! and capacity retention of 82.4% after
1000 cycling at the current density of 1 C. In contrast, the electrodes
with PAA and PVDF as binders show rapid capacity fading. The
reversible specific capacity was observed decreasing from ~3300 mAh
g1 to ~930 mAh g ! and then bumping up to ~3100 mAh g~ ! when the
current densities were increased from C/20 to 2.5 C and switched back
to C/20 (Fig. 1b), which suggested an excellent rate performance of the
polyimine-containing Si electrode. Electrode with CMC binder shows
comparable or even slightly higher capacity than the electrode with
polyimine binder at high charging/discharging rates. Higher viscosity of
CMC solution and the abundant ~OH groups in the CMC molecules may
result a homogenous slurry, porous electrode coating and enhanced
adhesion with the current collector, which should contribute to the
CMC-binder containing Si electrode with relative improved electro-
chemical performance at high charging rate [39]. The superior cycling
performance and excellent rate capability of the 70Si/Polyimine elec-
trode may be due to the fast lithium ion and electron transport in the
conductive network formed by the polyimine binder. However, with
only 70 wt% of active material in the 70Si/Polyimine electrode, the
energy density normalized to the total electrode mass (total = mpger +
mg;) is still limited, i.e., ~1400 mAh gt}%al after 200 cycles with specific
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Scheme 1. (a) Schematic illustration of the electrode fabrication process. (b) Molecular simulation of polyimine.

capacity reaching 2005.3 mAh g~!

To further demonstrate the efficiency of polyimine binder, the
electrodes with different Si contents (xSi/Polyimine, x = 90, 95, 96, 97
and 100), i.e., improved Ra,; values, were also prepared and the elec-
trochemical performance are displayed in Fig. lc and d. It worth
noticing that the total-electrode-mass normalized energy densities
should also improve with increased Si content. As observed in Fig. 1c,
the delithiation capacities of Si electrodes decreased gradually with
increased Si contents, illustrating the increased ratio of “dead” Si during
the delithiation/lithiation process due to the reduced density of
continuous current paths [47]. The significantly improved cycling per-
formance obtained for the xSi/Polyimine electrodes (x = 70, 90, 95, 96,
and 97) compared with the electrode without any binder (100Si/Po-
lyimine) demonstrated the vital role of polyimine as both binder mate-
rial and conductive additive in the Si electrodes. For better comparison,
the specific capacity is normalized to the total mass of electrode (SiNPs
+ Polyimine) as shown in Fig. 1d. In this aspect, the electrode
95Si/Polyimine (Ra,1 = 19) delivers the highest specific capacity and
capacity retention of 2007.0 mAh gg,}al and 80.4% (based on the 4th
cycle), respectively, after 200 cycles (Fig. S8a). The initial Coulombic
efficiencies of xSi/Polyimine electrodes with x = 70, 90, 95, 96, and 97
are 53.11%, 75.65%, 65.15%, 73.97% and 66.53%, respectively. One of
the major reasons for their low initial Coulombic efficiency should be
the electrochemically active nature of the polyimine, which exhibited an
initial discharge capacity of 111.6 mAh g1 as shown in Fig. S5. More-
over, the consumption of large amount of Li for the formation of a SEI
layer and conductive network may also affect its initial Coulombic ef-
ficiency. In the subsequent cycles (after 10 cycles), the Coulombic effi-
ciencies of all xSi/Polyimine electrodes are higher than 97% with high
reversibility during the cycling process, indicating the formation of a

relatively stable SEI layer (Fig. S8b). The high specific capacity,
enhanced cycling stability and especially with the ultrahigh Si content
make the 95Si/Polyimine electrode being superior among these Si
electrodes. Therefore, the electrode with the Si ratio of 95 wt% (Ra,1 =
19) was chosen for further studies.

The surface morphology of fabricated 95Si/Polyimine electrodes was
characterized by SEM, STEM and EDX as shown in Fig. 2a—c. The exis-
tence of the binder should contribute to the formation of uniform Si-
electrode coating on the current collector, and the obtained porous
structure may accommodate the volume variation during the charging-
discharging process. The EDX mapping of the pristine electrode in
Fig. 2d also reveals the uniform distribution of carbon and silicon,
indicating the homogeneous distribution of conductive polymers and
active materials. With 5.6 wt% of carbon from conductive polymers and
81.5 wt% of silicon and 12.6 wt% of oxygen mostly from SiNPs, the map
sum spectrum confirms the high weight ratio of the active materials (Fig.
2d1V). The oxidation of Si surface and depth of element measurement
(several nanometers to a few of micrometers) should be the reason of
relatively lower weight ratio of silicon element than the actual value.
Besides, the lower density of polyimine (1.31 g cm™>) compared with
other binders like PAA (1.51 g cm’3), CMC (1.65 g c¢m ) and PVDF
(1.85¢g em~3) (Table $2) may also contributes to the complete coverage
of polyimine binder on the SiNPs, thus improving the electrochemical
performance of the resulting electrode with such a low weight ratio of
polyimine binder.

The CV curves for the first three cycles of the 95Si/Polyimine elec-
trode in the voltage range of 0.01-1.5 V were shown in Fig. S9. In the
initial cathodic scan, due to the crystallinity of Si, only one peak was
observed at ~0.06 V [8]. After the initial lithiation process, the crys-
talline Si was transferred to amorphous silicide. The cathodic peak
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Fig. 1. Electrochemical performance of the electrodes with different binders: (a) Cycling performance of the 70Si/(Binder + SP) (Binder = PAA, CMC and PVDF.
With polyimine as binder, there is 30 wt% of polyimine in the electrode without any SP) electrodes. (b) Rate capability of the 70Si/(Binder + SP) electrodes under
different C rates. (c) Cycling performance of the xSi/Polyimine (x = 70, 90, 95, 96, 97 and 100) electrodes at the current density of C/10. (d) Specific capacity of the
xSi/Polyimine (x = 70, 90, 95, 96, 97 and 100) electrodes normalized to the total electrode mass (Si + Polyimine) at the current density of C/10. (e) Long-term

cycling performance of the 70Si/Polyimine electrode at the current density of 1 C.

located at ~0.21 V and anodic peaks located at ~0.32 and ~0.49 V are
characteristic of amorphous Si in the subsequent cycles [26]. The elec-
trochemical performance of the Si based electrodes with different
binders but the same silicon content, i.e., the same Rp,; value, were
evaluated by half cells with Li metal as the counter electrode. As dis-
played in Fig. 3a, the specific delithiation capacity of the 95Si/Polyi-
mine electrode (Ra,; = 19) delivered the highest specific capacity of
2112.6 mAh g ! and the capacity retention of 80.4% (based on the 4th
cycle) at the current density of C/10 after 200 cycles. By contrast, the
electrodes with other binders or without any binders (Super P carbon, SP
only) show rapid capacity fading. Especially, the PEDOT:PSS, which has
been widely reported to show superior binder performance for Si elec-
trodes [50,62,63], was also evaluated for the electrode with high Ry
values. As shown in Fig. 3a, when the Rp,; value reaching 19, the Si
electrode with PEDOT:PSS binder exhibited huge irreversible specific
capacity loss with the delithiation capacity of only 624.3 mAh g~ after
200 cycles. The rapid capacity fading of Si electrodes with high Ra,
value using these polymer materials, including PAA, CMC, PVDF and
PEDOT:PSS, may be due to the low electronic/ionic conductivity and
weak interactions between the SiNPs, conductive network and the

current collector. Moreover, the electrochemical performance of elec-
trodes with high silicon contents in previous reports has also been
summarized in Table S3. Among electrodes with various binders, the
electrodes with polyimine binder show the highest Si content of 95 wt%
(Ra,1 = 19) and one of the highest specific capacities normalized to the
mass of the total electrode mass [47,51-53,61,62]. Although the Si
electrode using poly(1-pyrenemethyl methacrylate-co-methacrylic acid)
as the binder was reported to show slightly higher specific capacity [52],
its capacity retention was much lower than the current system (74.59%
@100 cycles based on the 5th cycle with 90 wt% Si, Ra,1 = 9 vs 80.42%
@200 cycles based on the 4th cycle with 95 wt% Si, Ry/; = 19). The
comparative electrochemical performance demonstrates the superior
binder performance of polyimine for high Si-content electrode.

The rate capability of the high-Ra,; electrodes with different binders
are displayed in Fig. 3b, and a reversible specific capacity of ~2330,
2146, 2002, 1915, 1828, 1590 and 1415 mAh g_l can be obtained at the
current densities of C/20, C/10, C/7, C/5, C/4, C/2.5 and C/2, respec-
tively, for the 95Si/Polyimine electrode. More importantly, after mul-
tiple high current density discharging-charging cycles, a reversible
specific capacity of ~2130 mAh g~! can still be recovered when the
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Fig. 2. Surface morphology of the 95Si/Polyimine electrodes. SEM images of pristine electrodes with low (a) and high (b) resolution, (c) STEM images of pristine
electrodes, (d) EDX mapping images of Si (I), oxygen (II) and carbon (IV), (IV) is the corresponding EDX spectrum.

current density decreased to the initial C/20. Even at the high current
density of 1.25 C, a specific capacity of ~433 mAh g~! can still be
retained. At the same condition, the high-Ra,; electrodes with other
binders exhibit rapid capacity fading despite high initial delithiation
capacities. The EIS results show that the impedance did not increase
significantly within 100 cycles, indicating the formation of a stable SEI
layer. After a long-time discharge/charge process, i.e., more than 100
cycles, the SEI layer started to deteriorate, rendering the increased
electrochemical impendence. Therefore, higher electrochemical
impedance was obtained after 200 cycles comparing with that after 100
cycles as shown in Fig. 3¢ [64]. The long-term cycling performance of
the 95Si/Polyimine electrodes at the current density of C/4 and C/2 was
shown in Fig. 3d. It can be seen that even after 500 cycles, the reversible
specific capacities of 1442 and 1087.8 mAh g~ can be retained at the
current densities of C/4 and C/2, respectively. The specific capacity
decreased in initial cycles and then increased after a few cycles should be
due to the electrode polarization at the high current densities [65].
These results suggested excellent Li* and electron transfer capability
and highly stable structure of the Si electrode arising from the polyimine
binder.

To better understand the physical/chemical effect of polyimine
binder on the Si electrode, the overall morphology of the electrodes after
100 discharge-charge cycles with different binders were characterized
by SEM and displayed in Fig. 4. For the 95Si/Polyimine electrode as
shown in Fig. 4a, after 100 delithiation/lithiation repeated cycles, a
crack-free surface was clearly observed. On the other hand, for the high
Si-content electrodes (Ry,; = 19) with PAA, CMC and PVDF as binders,
large cracks can be observed after 100 cycles at the same current density
(C/4, Fig. 4b, ¢ and d). The mechanical instability of electrodes may
render the isolation of Si from the conductive network, thus leading to
poor electrochemical performance [66-69]. The electrochemical
impendence spectroscopy (EIS) performed after different cycles (current
density of C/10, Fig. 3c) of 95Si/Polyimine electrode reveals no signif-
icant increase of the resistance, which indicates the formation of a stable
SEI layer during the cycling process [70]. In this regard, the polyimine
binder plays a vital role in retaining a stable conductive network and SEI
layer for high Si-content electrodes. Its superior performance can be

attributed to its unique properties, including the low density, capability
of forming porous architecture and enhanced interaction with Si surface.

Molecular simulations (LAMMPS) were conducted to calculate the
interactions among the different polyimine chains and between poly-
imine and the SiNPs. According to Jeffrey’s categorization [71],
hydrogen bonds can be categorized into long, medium, and short
bond-lengths, where a shorter length corresponds to a stronger bonding
force. As shown in Scheme 1b, Fig. S10 and Fig. 5, numerous
medium-length hydrogen bonds formed in the polymer-polymer and
polymer-silicate surface simulations. In the polymer-polymer simula-
tions, the binding energy of nitrogen-hydrogen bonds is 5.0 kcal/mol,
and the hydrogen bonds between the aromatic rings and nearby
hydrogen group is 2.5 kcal/mol. Although the nitrogen-hydrogen bonds
(Fig. 5a-1) are more stable than the aromatic carbon-hydrogen bonds
(Fig. 5a-1II), the presence of large number of aromatic rings leads to the
aromatic carbon-hydrogen bonds dominating the physical interactions
between the polymer and Si surface (see comparative ratios in Table S4).
Moreover, hydrogen bonds between the oxygen of Si surface and the
polymer hydrogens also form but they are less stable than the above two
bonds due to the relatively longer distance between the two atoms. The
polymer chains are oriented by the N-H hydrogen bonds and aromatic
carbon-hydrogen bonds, causing the intermediate carbons to orient
upward (see Fig. 5IV). There are more hydrogen bonds form between the
polymer and the Si-surface, which is consistent to previous results
shown for polyethyleneimine that can strongly binds silicate surfaces
[72]. To further study the functionalities of synthesized polyimine as
polymer binder in Si electrodes, the adhesion force between Si surface
and polymeric materials was experimentally evaluated using the AFM.
The EDX mapping results in Fig. 2 demonstrated the abundant oxygen
element on the Si nanoparticles, manifesting the presence of SiO; at the
surface. To evaluate the adhesion force between the Si particles and
polymer binder, an AFM cantilever equipped with a SiO; colloidal tip
(diameter of 15 pm) as the probe was used (Fig. 5b). By retracting from
the polymer surface, the adhesion forces between the polymer surface
and SiO; colloidal tip can be collected. In this test, higher adhesion force
indicated more interactions between the polymer binder and Si parti-
cles, which should contribute to effectively accommodate the volume
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Fig. 3. Electrochemical performance of the
electrodes with different binders (Ra,; = 19).
(a) Cycling performance and (b) rate capa-
bility of the electrodes with different
binders. The electrodes with Polyimine,
PAA, CMC, PVDF and PEDOT:PSS as binder
have the same current density. The Poly-
imine*-based  electrode has different
charging rate. (c) EIS profiles of the 95Si/
Polyimine electrode after charging to 1.5 V
with different cycles. (d) The long-term
cycling performance of the 95Si/Polyimine
electrode.

Fig. 4. SEM images of the electrodes with different binders after 100 cycles. (a) Polyimine, (b) PAA, (c) CMC (d) PVDF. (e, f, g and h) are the zoom-in area of a, b, ¢

and d, respectively.
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Fig. 5. (a) Molecular simulation shows that extensive
hydrogen-bonding between the polymer and the -OH
terminated quartz surface: (I) nitrogen-hydrogen
bonds between the polymer chains and Si surface.
(II) coulombic interaction between the aromatic rings
and the terminal hydrogens on Si surface; (III)
hydrogen bonds between the terminal hydrogen and
the surface oxygen; (IV) upwards orientation of the
neighboring carbon-hydrogens due to the strong
nitrogen-hydrogen bonds. (b) The schematic diagram
of the AFM test. (c) Comparison of the average Si-
polymer adhesion forces for different polymer
binders determined from the pull-off force of an AFM
colloidal probe. Note that the forces are normalized
by the probe diameter.

p—
<

Adhesion Force (mN/m)
o

variation during the repeated delithiation/lithiation process, leading to
enhanced electrochemical performance. As shown in Fig. 5c, due to
weak van der Waals interactions between the SiO, probe and PVDF film,
the average adhesion force is only 3.4 mN/m. While for PAA and CMC,
comparable higher adhesion forces can be observed (8.1 and 7.5 mN/m,
respectively), due to the presence of polar group in both polymers. In the
respect of polyimine, due to the enhanced physical interactions between
polyimine and SiO probe (even without well-demonstrated functional
groups like PAA and CMC), further improved adhesion force of 11.7
mN/m was achieved [67,73]. The results are consistent with the cycling
performance in Fig. 3 and the SEM images in Fig. 4. Due to the combi-
nation of a dynamic network formed by physically cross-linked linear
polymers with extensive hydrogen bonds between the polyimine mole-
cules and Si surface [32], the high Si-content electrodes assembled with
polyimine binder can endure dramatic volume changes and maintain the
electronic conduction of Si during the repeated lithiation/delithiation
process, thereby ensuring a stable cycling performance.

4. Conclusion

In summary, a polyimine binder with facile synthesis method and
ultra-efficient binder performance was demonstrated, which firstly
enable a slurry-coating electrode with unprecedentedly high Ry value
(up to 19) and long cycle life (500-1000 cycles). The polyimine binder
enables the 70Si/Polyimine electrode with retention capability of

Polyimine PAA

CMC PVDF

2005.3 mAh g~! after 200 cycles at C/10 and capacity retention of
82.4% after 1000 cycles at C/2. More importantly, the electrode 95Si/
Polyimine (Ry,; = 19) also delivers a delithiation capacity of 2114 mAh
¢! and capacity retention of 80.4% after 200 cycles at the current
density of /10 (400 mA g™ 1). After 500 continuously deep cycles at the
current density of C/2, a delithiation capacity of 1087.8 mAh g~! can
still be obtained. Physical cross-linking of the conductive network and
efficient interactions with the Si surface revealed by molecular simula-
tions and AFM analysis indicate the formation of stable solid electrolyte
interphase layer and a mechanically robust network.

The ultra-efficient binder performance was demonstrated by
enabling the Si electrode with high Ra,; value and stable cycling per-
formance, which suggest the electrochemical performance of Si (or Si
composite) electrodes can be significantly improved using a small
amount of polyimine binder. Considering the simple synthesis method
and ultra-efficient binder performance, the developed polyimine binder
will be useful in achieving the Si (or Si composite) electrodes with high
cost efficiency and long cycle life, and become the game-changer “inert”
material for next-generation energy-storage devices. The concept
demonstrated here may also aid the design of other types of high-
performance energy-storage devices.
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