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ABSTRACT

N-cyanoethyl polyethylenimine (CN-PEI) is synthesized by modifying
polyethylenimine (PEI) with acrylonitrile through a Michael addition reaction.
Depending on cyanoethylation level, CN-PEI can be obtained as a form of
solution, micro-emulsion or emulsion in water. CN-PEI micro-emulsion is
investigated as water-soluble binder for the application of lithium iron phos-
phate (LFP) cathode in lithium-ion batteries. CN-PEI binder not only maintains
the outstanding dispersion capability of PEI but also exhibits an excellent
adhesion strength and higher ionic conductivity because of the introduction of
polar cyano groups. As a result, CN-PEI binder can effectively maintain the
mechanical integrity and decrease the polarization of LFP electrode during the
operation of the battery. LFP electrode with CN-PEI binder exhibits good cycle
stability and enhanced rate performance delivering a capacity of 99.6% at a rate
of 0.5 C after 100 cycles and a high discharge capacity of 102.4 mAh g~ at 5 C.
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which creates severe pollution and safety problems.
At elevated temperatures, the exothermic reactions
between PVDF and lithiated graphite (Li,Ce) or metal

Introduction

The binder is an important ingredient in lithium-ion
batteries (LIBs), which helps maintain the electrode’s
physical structure and the whole electrical network
integrity and facilitate the transportation of electron
and ion [1]. In LIBs industry, polyvinylidene fluoride
(PVDF)/N-methyl-2-pyrrolidone (NMP) is commer-
cially applied as a binder system for both positive
and negative electrodes because of its excellent
binding capability and electrochemical stability [2].
However, NMP is toxic, flammable and explosive
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lithium give rise to thermal runaway leading to safety
considerations [3].

Water-soluble binder has been intensively devel-
oped to replace PVDF/NMP binder in view of its low
cost, high safety and environmental benign features
[4, 5]. Carboxymethyl cellulose/styrene-butadiene
rubber (CMC/SBR) is successfully used a commercial
water-soluble binder for graphite anode [6]. How-
ever, the application of water-soluble binder for
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cathode material is still a big challenge in LIBs
industry.

Recently, we have been focusing on the develop-
ment of water-soluble binders for the application of
LIBs. Carboxymethyl chitosan (CCTS) was firstly
explored as a water-soluble binder for anode mate-
rials (Si, SnSy) [7, 8] and later extended its challenging
use for LFP cathode [9, 10]. LFP prismatic cell (10 Ah)
with CCTS/PEDOT:PSS conductive composite bin-
der showed almost comparable cycling performance
with the commercial PVDF binder, retaining 89.7% of
capacity at 1 C/2 C (charge/discharge) rate over 1000
cycles [10]. To increase the adhesion capability of
CCTS, chemically cyanoethylated CCTS (CN-CCTS)
was synthesized by introducing polar cyano group in
CCTS through a grafting polymerization of acry-
lonitrile [11]. LFP electrode with CN-CCTS exhibited
good resistance to the organic electrolytes and
favorable electrochemical kinetics.

Polyethyleneimine (PEI) is a cationic water-soluble
polymer with abundant amine groups. It was repor-
ted that PEI was used as a dispersing agent to
improve the dispersity of LFP in its aqueous slurry
[12] and as water-soluble binder for silicon anode
[13]. Very recently, Yan et al. reported PEI as a cross-
linking binder with hexamethylene diisocyanate
(HDD for lithium-sulfur battery [14]. The amino
groups in PEI effectively reduced the polysulfide
dissolution, thus leading an improved cycling
performance.

In this work, we report the synthesis of N-cya-
noethyl polyethylenimine (CN-PEI) with different
cyanoethylation levels by modifying PEI with acry-
lonitrile (AN) through a Michael addition reaction.
The adhesion capability of CN-PEI was characterized
by peeling test. The electrochemical performances of
LFP cathode with CN-PEI binder were systematically
investigated by galvanostatic charge/discharge test,
cyclic voltammetry and electrochemical impedance
spectroscopy measurement.

Experimental
Synthesis and characterization of CN-PEI

CN-PEI was synthesized by modifying polyethylen-
imine with acrylonitrile (AN) through a Michael
addition reaction. Polyethylenimine (PED
(Mw = 70000 g mol~') was purchased from Aladdin
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Chemistry Co. (China). The purchased acrylonitrile
(Xiya, Shandong, China; 99%) was purified by the
distillation, and other chemicals were utilized as
received. The steps of synthesis of CN-PEI can be
described as follows:

In a two-necked glass reactor equipped with a
magnetic stirrer and condenser, 1.00 g PEI was dis-
solved in 20 ml deionized water and stirred for
60 min under the condition of argon gas to remove
oxygen. AN was added using injection and then
stirred for 12 h at 60 °C. After reaction, the reacted
system was dried at room temperature and formed a
highly flexible film after 24 h. According to the [N]-
to-[AN] ratio defined as the number of moles of the
PEI repeating units,(CH,CH,NH)-, divided by the
number of moles of the AN, a series of CN-PEI were
prepared at molar ratios of 10:5, 10:6, 10:7 and 10:8
and were defined as CN-PEI-5, CN-PEI-6, CN-PEI-7
and CN-PEI-8, respectively.

The chemical structures of CN-PEIs were con-
firmed by FT-IR measurement which was taken on a
TENSOR27 spectrometer (Bruker, Germany) from
400 to 4000 cm™ "' at the resolution of 4 cm™'. The
cyanoethylation modification degrees of CN-PEls
were analyzed by "H NMR using D,O as a solvent on
a Bruker AVANCE 600 spectrometer. Here the results
of "H NMR and FT-IR for CN-PEI-7 are taken as an
example:

FT-IR: 2252 cm ™! (-<C =N stretch), 3455 cm ™! (N-H
stretch), 2923-2867 cm ™! (C-H stretch),
1680-1550 cm ™' (N-H bend).

'H NMR (600 MHz, D,O): 6 2.90-2.75 (-CH,CN,
br), 2.70-2.48 (-CH,CH,N, br), 2.60-2.48 (-NCH,.
CH,CN, br).

For comparison, '"H NMR and FT-IR for PEI are
listed as follows:

FT-IR: 3455 cm™! (N-H stretch), 2923-2867 cm ™!
(C-H stretch), 1680-1550 cm ™! (N-H bend).

'H NMR (600 MHz, D,O): 2.70-2.48 (-CH,CH,N,
br).

The cyanoethylation modification degree was
analyzed by 'H NMR from the ratio between the
peaks of -CH,CH,N (6 2.7-2.48 ppm) and —CH,.
CH,CN (6 2.90-2.7, 2.60-2.48 ppm). The modification
degree was expressed as a number of modifications
per repeating unit of PEI x 100%.

@ Springer



9692

The distributions of droplet size for CN-PEIs were
tested by dynamic light scattering (Zeta sizer Nano
7S, Malvern, English).

Physicochemical property

Adhesion strength of CN-PEIs, PEI and PVDF films
coated onto the Al foil was measured using 180°
high-precision micro-mechanical peel tester from
Shenzhen Kaiqiangli testing instruments Co. (China)
with  the constant displacement rate of
20.0 mm min~'. PVDF binder was used as the control
sample for comparison. PVDF (Solvay Solef 16020)
was purchased from Shenzhen Micro Electro Co.
(China).

The swelling property of the binder with the elec-
trolyte was examined by a swelling test. Binder
sheets were prepared by solution-cast samples, and
the solvents were removed in a vacuum oven at 60 °C
overnight. Binder sheets were then placed in the
electrolyte at room temperature for 48 h. The swel-
ling ratio was defined as the weight ratio of the
amount of absorbed solvent to the dry weight of the
tested binder sheet. The electrolyte of 1 M LiPF, in
ethylene carbonate (EC, > 99%)/diethylene carbon-
ate (DEC, > 99%)/dimethyl carbonate (DMC, > 99%)
(v/v/v =1/1/1) was purchased from Zhangjiagang
Guotai-Huarong New Chemical Materials Co.
(China) (water content < 10 ppm).

Thermal gravimetric analysis (TGA) measurement
was taken on a STA 409 C/PC-PFEIFFER
VACUUMTGA-7 analyzer (NETZSCH-Gerte-
bauGmbH, Germany) in a nitrogen atmosphere with
a heating rate of 10 °C min~"' from 25 to 800 °C.

Electrode preparation

The electrode was fabricated using a typical slurry
coating method. The LFP powder, acetylene black
(AB) and polymer binder in a mass ratio of 80:13:7
were dispersed in corresponding solvent (PEI and
CN-PEI-7 in deionized water, PVDF in NMP). LFP
powders were obtained from Shenzhen Dynanonic
Co. (China) claimed in an average particle size of
350 nm. Acetylene black (AB) was purchased from
Guangzhou Lithium Force Energy Co. (China). NMP
(anhydrous, 99.5%) was purchased from Aldrich. The
slurry was coated onto a 20-pum-thick Al foil and then
dried at 110 °C in a vacuum oven for 24 h to remove
the solvent thoroughly.
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Electrochemical measurement

In order to test the electrochemical stability of the
CN-PEI-7, CN-PEI-7 was coated onto the Al foil and
dried in vacuum for 12 h at 110 °C. Then it was
pouched into a circular size of 14 mm. The CR2025-
type coin cell was assembled in an argon-filled glove
box using the electrode with CN-PEI-7, Celgard 2300
film as separator and lithium foil as counting elec-
trode. The cell was measured by cyclic voltammetry
test carried out between 2.5 and 4.0 V with a scan-
ning rate of 0.2 mV s™! on a Zennium/IM6 electro-
chemical workstation (Zahner, Germany).

The charge—discharge measurements were taken
using CR2025-type coin cells. The diameter of the
electrode was 14 mm, and the mass loading of active
material was kept at 4.0 £ 0.2 mg. The CR2025-type
coin cells were assembled in an argon-filled glove box
using a lithium foil as counter electrode, Celgard 2300
film as separator. The cells were charged and dis-
charged galvanostatically between 2.5 and 4.0 V at
25 °C on multi-channels battery tester (NEWARE,
Shenzhen, China).

Cyclic voltammetry (CV) was conducted using an
electrochemical workstation (Zahner, Germany) at a
scan rate of 0.2 mV s~' from 2.5 to 4.0 V. Electro-
chemical impedance spectroscopy (EIS) was mea-
sured by applying an alternating voltage of 5 mV
over the frequency ranging from 10~ to 10> Hz using
an electrochemical workstation (Zahner, Germany).
The morphologies of LFP electrodes with different
binders were observed by scanning electron micro-
scopy (SEM; Hitachi S-4800, Japan).

To test the dispersion ability of CN-PEI-7 and PEI
binder for the LFP aqueous slurry, agglomerate size
and zeta potential measurements were investigated
for LFP slurry on Zeta sizer Nano ZS (Malvern,
English). The test sample was prepared by the fol-
lowing steps: Before coating, a small quantity of the
LEP slurry was poured into a vial and added some DI
water to adjust the concentration to 0.05% by weight.
Then it was stirred magnetically for 24 h to obtain a
LFP-AB suspensions allowing adequate time for
charge adsorption and desorption on the LFP/AB
particle surfaces to reach equilibrium.

To testify the complexation between lithium ions
and the polar cyano group, FT-IR measurements of
CN-PEI-7:LiPF4 samples were tested on a TENSOR27
spectrometer (Bruker, Germany) from 400 to
4000 cm™' at the resolution of 4 cm~'. CN-PEI-
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7:LiPFs samples were prepared by first dissolving
CN-PEI-7 and LiFPg (Aldrich) in anhydrous acetoni-
trile (Aldrich) in the desired [N]-to-[Li"] (molar)
ratios. The [N]-to-[Li*] ratio is defined as the number
of moles of the PEI repeating units, -(CH,CH,NH)-,
divided by the number of moles of the LiPFs. Solu-
tions of the CN-PEI-7:LiPF, samples were cast on KBr
salt plates, and acetonitrile was evaporated over 48 h
in a continuous purge dry box, leaving a thin poly-
mer electrolyte film.

Results and discussion
Synthesis and characterization of CN-PEI

Scheme 1 shows the synthesis of CN-PEI. AN reacts
with the primary amine and secondary amine of PEI
through a Michael addition reaction. By controlling
the feeding ratio of AN, a series of CN-PEIs were
synthesized. Depending on the cyanoethylation level,
CN-PEI was obtained as a form of transparent solu-
tion, bluish micro-emulsion or turbid emulsion in
water (Fig. 1). As shown in Fig. S1, the highly flexible
CN-PEI polymer was obtained upon cyanoethylation.

The chemical structures of CN-PEIs and PEI were
identified by 'H NMR spectrum (Fig. S2) and FT-IR
spectrum (Fig. 2a). The "H NMR spectrum of CN-PEI
shows new peak at 4 2.90-2.75 ppm corresponding to
the -CH,CN and the peak of -NCH,CH,CN at 6 2.60-
2.48 ppm overlapping with the peak —-CH,CH,N
(2.70-2.48 ppm) [15]. An intensive peak for -C=N
bond at 2252 cm™! for CN-PEI is detected in FT-IR
spectrum after the cyanoethylation of PEL These
results indicate the successful cyanoethylation of PEL
The modification degree was analyzed by '"H NMR
[Eq. (D]

2

m =

= 100% (1)

Scheme 1 Schematic route of
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Figure 1 Photographs of CN-PEIs with different cyanoethylation
levels: CN-PEI-5 (a), CN-PEI-6 (b), CN-PEI-7 (c), CN-PEI-8 (d).

where n is integration of the peaks of CN-PEI (6
2.7-2.48 ppm)/integration of the peaks of CN-PEI (¢
2.75-2.9 ppm) in 'H NMR spectrum of CN-PEL In
our experiment, the modification degrees of different
CN-PEIs are shown in Table 1.

The distributions of droplet size for CN-PEI-6/7/8
were tested by dynamic light scattering to further
demonstrate the formation of micro-emulsion and
emulsion (Fig. S3). With the increase in cyanoethy-
lation level, the Z-average diameter (Dz) of droplet
size for CN-PEl increases. The Z-average diameter for
CN-PEI-6, CN-PEI-7 is 55.2 and 64.8 nm, respec-
tively. This favors the formation of micro-emulsion
[16]. CN-PEI-6 and CN-PEI-7 also display a typical
bluish color of micro-emulsion system. CN-PEI-8
with high cyanoethylation level shows a Z-average
diameter of 259.1 nm and becomes a turbid emulsion
(Dz > 100 nm). CN-PEI-8 precipitates without stir-
ring after 2 h and is not suitable to be a water-soluble
binder.

Physicochemical property

To evaluate the adhesion capability of different bin-
ders, peeling tests for CN-PEIs, PEI and PVDF were
conducted (Fig. 2b). CN-PEI-7 shows the highest
adhesion strength (1.73 N cm™") than that of PVDF

HoN

H,N
CN-PEI synthesis ? ~_NH, z hN/\/NHz
(acrylonitrile can react with the N H cvanoethvlation N~ /\/N\/H\ /\/N
primary amine and secondary ]LV N\/\H/\/ N~ ‘} w v N ;
amine of PEI through a # Ja CH,=CH-CN { n

Michael addition reaction). N
HoN

i°NH, 2
%
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Figure 2 FT-IR spectra of PEI and CN-PEI-7 (a), peeling test profiles of different binders (b), TGA plot of CN-PEI-7 (c), CV

measurement of CN-PEI-7 binder (d).

Table 1 Z-average diameter
of droplet size and

cyanoethylation modification
degree for CN-PEIs

CN-PEI-5 CN-PEI-6 CN-PEI-7 CN-PEI-8
Modification degree (%) 48 55 67 76
Dz (nm) - 55.2 64.8 259.1

(1.24 N cm™") and PEI (0.73 N cm ™). Apparently the
cyanoethylation can improve adhesion strength of
PEI. CN-PEI possesses the cyano group which has a
stronger polarity than amine group interacting more
strongly with their environments by hydrogen
bonding and dipole-dipole interactions [17]. As a
result, CN-PEI shows an improvement in adhesion
strength than PEL

In this study, we focused on CN-PEI-7 binder as a
water-soluble binder for LFP cathode because it
shows the best adhesion ability.

The swelling property of the binder with the elec-
trolyte was examined by a swelling test. The swelling
ratio of CN-PEI-7 has a smallest value of 10.34% as
compared with 23.13 and 22.67% for PEI and PVDF,
respectively, indicating that CN-PEI-7 is more resis-
tant in the electrolyte. It can help maintain the

@ Springer

stability of LFP electrode’s structure and is favorable
for long-term cycling than PEI and PVDF.

The thermal stability for CN-PEI-7 was tested by
TGA measurement (Fig. 2c). The steep curve shows
the carbonization process with the initiation temper-
ature of 182.7 °C. It indicates CN-PEI-7 can maintain
its thermal stability during the slurry preparation and
electrode fabrication (T < 120 °C).

Electrochemical performance

The electrochemical behavior of CN-PEI-7 is evalu-
ated through cyclic voltammetry (CV) (Fig. 2d). The
CV profile demonstrates that CN-PEI-7 is electro-
chemically stable in the cathode working voltage
range of 2.5-4.0 V. This inert electrochemical prop-
erty during the 2.5-4.0 V range guarantees that the
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CN-PEI-7 binder will not impede the lithiation/
delithiation processes.

The cycle performances of LFP electrodes with
different binders at C/2 were investigated (Fig. 3). As
shown in Fig. 3a, LFP electrode with CN-PEI-7 bin-
der delivers an initial discharge capacity of
149 mAh g~' and achieved capacity retention of
99.6% after 100 cycles, while LFP electrode with
PVDF exhibits an initial discharge capacity of
148.7 mAh g~ ' and 97.3% capacity retention after 100
cycles of charge/discharge. LFP electrode with PEI is
worse exhibiting an initial discharge capacity of
138.9 mAh g~ ' and 94.5% capacity retention after 100
cycles of charge/discharge.

The discharge/charge curves of LFP electrodes
with different binders from 1st to 100th cycle are
employed to further investigate and understand the
differences in cycle performance. An obvious capac-
ity degradation and voltage fading from 1st to 100th
cycle can be observed for LFP electrode with PVDF
and PEI compared to CN-PEI-7. Gap between dis-
charge and charge plateaus (AE) indicates that the
polarization of the electrode is related to their
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electrode impedances, which is largely affected by
the interface performance (interface stability and
interface resistance for ion/electron transfer) among
active materials, conductive materials and the current
collector. AE widens slightly for LFP electrode with
CN-PEI-7 compared to PVDF or PEI. To demonstrate
this further, Fig. 5S4 shows the charge/discharge
curves of LFP electrodes with different binders at the
1st cycle and 100th cycle, respectively. LFP electrode
with CN-PEI-7 shows the smallest polarization of
63 mV at the 1st cycle and still maintains 64 mV after
100 cycles of charge/discharge, suggesting the fast
redox kinetics and good cycle stability.

Figure 4 shows the rate performances of LFP elec-
trodes with different binders. The rate test was
increased gradually from C/10 to 5 C and finally
returned to C/10. LFP electrode delivers an initial
discharge specific capacity of 1644, 158.2,
146.8 mAh g~! at C/10 with CN-PEI-7, PVDF and
PEI, respectively. Upon increasing the charge/dis-
charge rate, better electrochemical performances for
LFP electrode with CN-PEI-7 are found. At 2 C, LFP
electrode delivers a discharge specific capacity of
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Figure 3 Cycle performances (a) at C/2 of LFP electrodes with different binders. Discharge curves at C/2 for LFP electrode with CN-PEI-

7 (b), PVDF (c) or PEI (d) binder.
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binders.

128.9, 121.9 and 98 mAh g~' with CN-PEI-7, PVDF
and PEI, respectively. When the current density is
increased to 5 C, LFP electrode with CN-PEI-7 shows
a much higher discharge capacity of 102.4 mAh g™
retaining 62.3% discharge capacity of its C/10
capacity, as compared with 53.1 and 3.88% for PVDF
and PEI, respectively. When the rate is returned to
C/10, the reversible discharge capacity rapidly
increases to 159.4, 157.2 and 145 mAh g~' for LFP
electrode with CN-PEI-7, PVDF and PEI, respec-
tively. This result demonstrates that the LFP elec-
trode with CN-PEI-7 has an excellent reversibility
and stability. Through the above-mentioned results,
LFP electrode with CN-PEI-7 shows much better rate
capability than PVDF or PEL

To understand the above electrochemical perfor-
mances, surface morphologies of LFP electrodes with
different binders were obtained using SEM. Figure 5
shows the SEM images of LFP electrode before and
after 100 cycles with CN-PEI-7, PVDF and PEI
respectively. Before cycling, the LFP and AB particles
of the LFP electrode are homogeneously mixed
together using the CN-PEI-7, PVDF or PEL It indi-
cates that CN-PEI-7 can exhibit a good dispersion for
LFP slurry under aqueous condition. Some LFP
agglomerates and surficial protrusions can be
observed after 100 cycles in LFP electrode with CN-
PEI-7, PVDF or PEI, which is unfavorable for the
electrolyte to permeate into the internal of active
materials and decreases the channel for Li* trans-
portation. But the situation of LFP electrode with CN-
PEI-7 is much slighter comparing to PVDF and PEI
where many LFP particles were linked together to be
a very big block. This benefits from the good adhe-
sion strength that CN-PEI-7 provides guaranteeing
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interface stability over the process of charge and
discharge. As a result, LFP electrode with CN-PEI-7
delivers high capacity and superior cycling stability.

Replacing NMP with water creates problem with
dispersion stability due to hydrogen bonding and
strong electrostatic forces, especially when nano-/
micro-sized materials are involved [18]. To minimize
agglomeration, the key is to increase the repulsive
potential (i.e., increase the Coulomb force) between
particles. Agglomerate size and zeta potential mea-
surements for LFP slurry were tested to understand
the mechanism of the dispersion ability of CN-PEI-7.

Figure S5(a, b) shows the distribution of the
agglomerate size for LFP slurry with CN-PEI-7 and
PEI, respectively. The Z-average diameter for LFP
slurry with CN-PEI-7, PEI is 343 and 358 nm,
respectively, which is in accordance with the particle
size of LFP used in our experiment. And from the
distribution, it can be seen that there is no bulky grain
caused by the agglomeration of the particle of LFPs/
ABs. To further demonstrate the mechanism of the
dispersion ability, the zeta potential for LFP slurry
using CN-PEI-7 and PEI is shown in Fig. 6. LFP
aqueous slurry with CN-PEI-7 or PEI yields a positive
charge. It indicates that the CN-PEI-7 or PEI polymer
with positive charge caused by the protonation of
amine group under aqueous condition successfully
adsorbs on the surface of LFP/AB particles. Fig-
ure S5¢ shows the schematic illustration of dispersion
mechanism. These findings can further illustrate the
CN-PEI-7 can disperse LFP/AB particles effectively
under aqueous condition reducing the happening of
agglomeration and further keep the efficiency of the
active materials.

It has been identified that CN-PEI-7 binder could
effectively maintain the structural integrity and
morphology of electrode as well, leading to improved
electrochemical performance. To further investigate
the electrochemical kinetics, CV measurements and
the electrochemical impedance spectroscopy (EIS)
measurements of LFP electrodes with different bin-
ders were taken. CV measurement was taken at a
scan rate of 0.2 mV s~ from 2.5 to 4.0 V (Fig. 7a). A
single pair of oxidation and reduction peaks (around
3.6 and 3.3 V), which corresponds to Fe** /Fe** redox
couple, is observed for all of binder systems. The
potential intervals between the oxidation and the
reduction peak are 0.32, 0.55 and 0.71 V for CN-PEI-7,
PVDF and PEI, respectively. Meanwhile, LFP elec-
trode with CN-PEI-7 shows sharper anodic and
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Figure 5 SEM images of LFP electrodes with different binders, (a, ¢, e) before and (b, d, f) after 100-cycle charge—discharge test: a,

b CN-PEI-7, ¢, d PVDF and e, f PEI binder, respectively.
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Figure 6 Zeta potential for LFP slurry with CN-PEI-7 and PEIL

cathodic peaks than PVDF or PEI and the current of
the peak for LFP electrode with CN-PEI-7 is the lar-
gest. The above-mentioned results demonstrate that

LFP electrode with CN-PEI-7 has a lower polarization
and favorable electrochemical kinetics than PVDF or
PEI, which is consistent with the electrochemical
results.

The improvement in the interface performance can
be quantitatively evaluated by EIS measurements.
Figure 7b shows the Nyquist curves of the electrodes
with different binders in the discharged state of 3.5 V
(vs. Li/Li") at room temperature after 3 cycles. All
the EIS spectra are composed of a semicircle and a
sloping line. The obtained spectra are fitted using
Zview software according to the equivalent circuit in
the inset of Fig. 7b, where R, is the resistance of
electrolyte, CPE as the constant phase element of the
double layer capacity, R. is the charger-transfer

@ Springer



9698 J Mater Sci (2018) 53:9690-9700
Figure 7 CV profile (a), (a) (b)
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resistance and W is the Warburg impedance related
to Li* diffusion.

The Warburg coefficient (sy,) can be calculated by
Eq 2: [19]

Z'=R.+ Ry + 0y -0~ V/? (2)

The Warburg plots in the low-frequency region are
shown in Fig. 7c. The slope of the fitted line is the
Warburg coefficient ¢,. The calculated value of a,,
for CN-PEI-7, PVDF and PEI is 30.807, 36.046 and
42.5, respectively (Table S1). Diffusion coefficient of
lithium ion (Dy;) is inversely proportional to Warburg
coefficient oy, as shown in Eq 3: [19]

R?T?

T 2ni P22 ®)
where R and T are the gas constant and temperature,
respectively, and n and F are the charge transfer
number and Faraday constant, respectively. ¢ and ¢
are concentration of lithium and Warburg coefficient,
respectively. It can be easily found LFP electrode
with CN-PEI-7 has the largest D;; among the three
electrodes, which is favorable for rapid charge and
discharge.

The EIS results are listed in Table S1. All the bin-
ders share similar R. values due to the use of

Dy
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identical electrolyte solution. In contrast, the R of
LFP electrode with CN-PEI-7 is significantly lower
than PVDF and PEI, exhibiting 64.19, 142.6 and
200 Q, respectively. From the mentioned above, it is
seen that LFP electrode with CN-PEI-7 exhibits the
largest Dy; and lowest R exhibiting a favorable
electrochemical kinetics. This benefits from the
excellent adhesion strength of CN-PEI-7 and uniform
dispersion of LFP/AB particles in the electrode. It
effectively guarantees the structural integrity and
morphology of the electrode over the process of
charge and discharge. In addition, cyano groups
provide complexation sites with lithium ions and
thus transport pathways for lithium ions, leading to
CN-PEI-7 binder with higher ionic conductivity
[20, 21]. The higher ionic conductivity decreases the
polarization and impedance of LFP electrode, and
supports a favorable electrochemical kinetic.

To testify the complexation between lithium ions
and the polar cyano group, FT-IR measurements of
CN-PEI-7:LiPF; samples were taken. It has been
demonstrated by several groups that a higher-fre-
quency shoulder than the free (C=N) band at
2252 cm™! is present in PAN:LiTf samples at high
LiTf concentrations and has been attributed to nitrile
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complexation with Li* [22, 23]. To see the complex-
ation more obviously, different [N]-to-[Li*] ratios of
CN-PEI-7:LiPF, samples were tested. It is seen that at
salt concentrations of 10:1, an obvious higher-fre-
quency shoulder on the CN-PEI-7 versus (C=N)
band develops (Fig. 7d). This implies that the com-
plexation between lithium ions and the polar cyano
group happens. As a result, it provides an improve-
ment in the ionic conductivity for CN-PEI-7.

Conclusions

In summary, CN-PEI is successfully synthesized by
modifying PEI with AN through a Michael addition
reaction. By controlling cyanoethylation level, CN-
PEI can be obtained as a form of solution, micro-
emulsion or emulsion in water. CN-PEI micro-
emulsion is investigated as water-soluble binder for
the application of LFP cathode in lithium-ion batter-
ies. CN-PEI binder not only maintains the outstand-
ing dispersion capability of PEI but also exhibits an
excellent adhesion strength and higher ionic con-
ductivity because of the introduction of polar cyano
groups. As a result, CN-PEI binder can effectively
maintain the mechanical integrity and decrease the
polarization of LFP electrode during the operation of
the battery. LFP electrode with CN-PEI binder exhi-
bits good cycle stability and enhanced rate perfor-
mance. Overall, we provide a new water-soluble CN-
PEI binder and comprehensive understanding of the
working mechanism of CN-PEI as binder for LFP
cathode from structural to electrochemical aspects
and further develop the LFP cathode materials for
high-performance lithium-ion batteries.
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