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Inorganic salts (LiCl) were induced to improve the ratio of B and a of PVDF by the solution method. The
vibrational spectra of PVDF polymorphic polymers were obtained by Fourier transform infrared
spectroscopy (FTIR), and the results showed that the ratio of B and a of pristine PVDF was elevated from
43.66% to 53.27%. A small amount of LiCl grains was detected to be decorated on the surface of LiCl-
involved electrodes by the SEM and EDS tests. The rate capability of the modified samples was evaluated

when charge-discharged at 5C. The capacity of the 1/10LiCl@PVDF samples remained at a high level of
Received 24th June 2019 71.64% when charge-discharged at 5C, which h higher than the value of 54.66% for pristi
Accepted 27th August 2019 .64% when charge-discharged a , which was much higher than the value o .66% for pristine

samples. The results of the CV and EIS tests revealed that the electrochemical polarization increasing

DOI: 10.1039/c9ra04724g rate and charge transfer resistance of the 1/10LiCl@PVDF samples were smaller than those of the pristine
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Introduction

Currently, with high energy density, high power, low cost, excellent
cycle performance, and long calendar life, lithium-ion batteries
(LIBs) have been one of the candidates for energy storage systems
applied for plug-in electric vehicles (PEVs), hybrid electric vehicles
(HEVs) and electric vehicles (EVs)."* The binders for LIBs are used
to adhere active materials and conductive additives to a current
collector. Although the binders are electrochemically inactive
materials for batteries, they have a significant influence on the
electrochemical performance of LIBs.”®

Recently, binders for the electrodes in LIBs have been studied by
many researchers. Fu et al.” studied the composite of MA-g-PVDF as
a binder for the LiCoO, cathode in LIBs; the results displayed that
the composite further lowered crystallinity compared with PVDF,
and the rate capability and cycle stability were boosted compared to
those of the PVDF binder. Zhong et al.® compared the polyacrylic
latex (LA132) to CMC and PVDF for the LiNi,;3C04,sMn; 30, (NCM)
cathodes in LIBs, and it was concluded that the NCM cathode with
the LA132 binder exhibited better cycle stability and rate capability
than the cathodes fabricated with CMC and PVDF. Xu et al.® used
carboxymethyl cellulose (CMC), PVDF, and alginate as binders for
the LiNi,;3Co,,sMn; ;3 (NCM) cathodes and revealed that rate capa-
bility with the cathodes of the CMC binder was the best. Poly(-
vinylidene difluoride) (PVDF) has been widely used as the binder for
positive and negative electrodes in LIBs due to its excellent elec-
trochemical stability and high adhesion.”'® PVDF is bestowed with
five distinct polymorphs referred to as a-, -, y-, 8- and e-phases."*™
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P. Martins and his group'* discussed the study of the phase
nucleation of PVDF by different particles and their dependence on
surface charge. B-PVDF has maximum piezoelectric, ferroelectric,
pyroelectric and dielectric properties than other phases, and it has
been widely used in the field of sensors, actuators, nanogenerators
and so on."*" C. M. Costa et al.** studied the application of PVDF
polymers and copolymers for lithium-ion batteries. At present, there
are different methods for preparing B-PVDF, such as mechanical
stretching,”?* the use of high pressure,”* the addition of an
external electric field,”®*" or the addition of a nucleating filler.*>?*
The nucleation of the beta phase by salts and ionic liquids has been
extensively evaluated by D. M. Correia et al.***

However, little research has been conducted on the effect of
the transformation ratio of the p/a phase on the performance of
lithium-ion batteries.*® Herein, the phase rate of B and a of
PVDF was optimized by inorganic salts (LiCl) with the solution
method, and the influence of PVDF with diverse ratios of the B/
o phase on the performance of batteries was further explored.

Experimental

Commercial LiNi;/3C0,,3Mny/; (NCM) powder (Shenzhen, N8-L)
with a mass ratio of 8:1:1, conductive additive Super P (40
nm), polyvinylidene fluoride (PVDF, AR) binder, and anhydrous
LiCl were used as the experimental materials. First, the mate-
rials were dried in a vacuum oven at 0.085 mPa at 100 °C for 12
hours, and the moisture content of the materials was main-
tained at 500 ppm. Next, certain amounts of anhydrous LiCl and
PVDF powders with mass ratios of 0,1 : 5,1 : 10 and 1 : 15 were
stirred in beakers containing NMP solvent at 60 °C for 500 rpm,
and the stirring was carried out for 2 h to prepare the binder
with a concentration of 20 mg ml ™. Then, the NCM powder and

This journal is © The Royal Society of Chemistry 2019
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Super-P in the ratio of 8 : 1 were stirred into a prepared binding
agent for 24 h to obtain a uniform slurry. The aluminum foil
was tiled on the automatic coating machine. After vacuum, the
slurry was introduced into the scraper, and the push bar switch
was opened to adjust the pushing speed to make the coating
layer smooth and even. Finally, the foil was dried at 110 °C in
a vacuum oven for 12 h, and the dried cathodes were roll-
pressed with a roller press and put into a vacuum drying oven
for 12 h.

The cathodes, lithium foil, diaphragm of Celgard 2400, and
the cleaned battery case set of CR2025 were placed into a glove
box (Universal (2440/750)) with an oxygen content of less than
0.1 ppm. The electrolyte consisting of 1 M LiPF6 in DC/EC
(1:1 vol%) was adopted. All the cells were allowed to age for
24 h before testing. Herein, the prepared pristine and modified
cathodes for cells were defined as pristine PVDF, 1/
5LiCI@PVDF, 1/10LiCI@PVDF, and 1/15LiCI@PVDF samples.

The crystalline structures of pristine and modified samples
were characterized by X-ray diffraction (XRD, D2-Phaser) using
Cu Ko radiation. The scan range was 10°-70° with 40 mA tube
current, 40 kV tube voltage, and a scan speed of 0.03° per
minute. The morphology of the samples was detected by
a Scanning Electron Microscope (SEM, Hitachi, S-4800). The
crystal phase of PVDF was analyzed by an infrared spectrometer
(FTIR, PerkinElmer, Spectrum Two).

The electrochemical performances of the samples were
evaluated by the Charge-Discharge tests of a Land CT2001A
battery test system with the cut-off of 2.5 V and 4.3 V (versus Li/
Li") and discharged at the rates of 0.2C, 0.5C, 1C, 2C, 3C, 4C,
and 5C. Cyclic Voltammetry (CV, CHI660E) test s-1 was done
with cell coins in the voltage range at 2.5 V and 4.3 V (versus Li/
Li*) at the scanning rates of 0.1 mV s and 0.6 mV s~ '. Data
analysis adopted the software Jade 6.5. The electrochemical
impedance spectroscopy (EIS, CHI660E) test was also
completed in the frequency range from 100 kHz to 0.01 Hz with
an AC signal amplitude of 10 mV. Data analysis used the soft-
ware ZSim Demo 3.30d.

Discussion and results

As seen in Fig. 1, the B-phase PVDF is generated at the wave-
numbers of 444, 510, 840, 1274 and 1423, and the crystal peaks
of the B phase of the modified samples are significantly
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Fig.1 FTIR spectra of modified PVDF and PVDF.
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enhanced. The FTIR characteristic diffraction peaks of a- and B-
phase PVDF are summarized in Table 1. According to the Beer—
Lambert law, based on the absorption peaks of the a and
B phases, the FTIR results were used for the relative fraction of
the B phase. The absorption coefficients at the wavenumbers of
the K,, and Kp values were 6.1 x 10" and 7.7 x 10* cm® mol ,
respectively. At the characteristic peaks of 763 and 840 cm ™' of
the o phase, the relative fraction of the p phase can be given

by39,40

F(B) = o o A

T X, + Xy (Ky/K)A,+ Ay 134, + A,

(1)

where X,, and Xj are the crystalline solid contents of o phase and
B phase; A, and Ag are the absorbance at 840 and 763 cm Y,
respectively.

According to the eqn (1), it can be determined that the F(p)
values of the pristine PVDF, 1/5LiCI@PVDF, 1/10LiCl1@PVDF,
and 1/15LiCI@PVDF samples are equal to 45.78%, 67.2%,
61.5%, and 54.56%, respectively. The results display that the
phase ratio of B/a of PVDF of the modified samples has
improved compared to that for the pristine samples.

Fig. 2 shows the XRD patterns of the pristine PVDF and
modified PVDF samples. All the diffraction peaks of the samples
are well indexed to the hexagonal a-NaFeO, structure with the
R3m space group, and the XRD pattern of the modified cathodes
has no obvious changes in the two theta positions and no other
impurity phases. The two theta positions at 18.0°, 36.0°, 37.2°,
37.8°%,43.7°, 48.0°, 58.0°, 63.7°, 64.3° and 67.6° can be assigned
to the X-ray diffraction from the planes of (003), (101), (006),
(102), (104), (105), (107), (108), (110) and (113), respectively.

The SEM morphologies of the pristine and modified samples
are shown in Fig. 3. It can be seen from Fig. 3(a) and (b) that the
spherical crystals are NCM. There are some non-angular parti-
cles dotted on the modified electrode. EDS tests were conducted
to clarify the composition of these particles, and the results are
shown in Fig. 3(c) and (d). The results confirm that the non-
angular particles on the NCM cathodes are LiCl possibly
derived from the precipitation of LiCl when the samples are
dried at 110 °C.

Fig. 4 compares the rate capability of the pristine PVDF and
LiCl@PVDF samples. The cells were galvanostatically charged
to 4.3 V and discharged to 2.5 V at different rates at room
temperature. As the rate increased, the discharge specific
capacity of the samples decreased. At 0.2C rate, the initial

Table 1 FTIR characteristic diffraction peaks of a- and B-phase PVDF

Crystalline phases o B
Wavenumber 485 444
(em™) 532 510
614 840
763 1274
796 1423
855
975
1148
1384
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Fig. 2 XRD patterns of the pristine PVDF and LiCl@PVDF cathodes.

Fig. 3 SEM topography of the pristine PVDF (a) and LiCl@PVDF (b)
cathodes and EDS spectrum of LiCl@PVDF cathodes (c) and (d).

discharge capacities of the pristine PVDF, 1/5LiCI@PVDF, 1/
10LiCI@PVDF and 1/15LiCI@PVDF samples  were
149.48 mA h g%, 138.94 mA h ¢ ', 136.12 mA h g~', and
145.01 mA h g ', respectively. After 10 cycles at 5C, the
discharge capacities of the pristine and modified samples
decreased to 81.7 mAh g !, 69.21 mAh g ', 97.52 mAh g ?,
and 75.65 mA h g™, corresponding to the capacity retention of
the samples with 54.66%, 49.81%, 71.64%, and 52.17%.
Comparatively, the capacity degradation of the 1/10LiCI@PVDF
samples was much slower. This indicates that the 1/
10LiCI@PVDF-modified samples effectively improve the rate
capability of a lithium-ion battery; in contrast, the rate capa-
bility of the 1/5LiCI@PVDF samples is poorer than that of the
pristine samples. It can be analyzed that an increase in the
B crystal content can elevate the rate capability of the modified
samples, but an excessive content of B crystals affects the
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Fig. 4 The rate test of the pristine PVDF and LiCl@PVDF samples.
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capacity of the modified samples at a high rate. However, the
slight reduction in the capacity of the modified samples may
result from the fact that the adhesion is lowered due to the
decrease in the crystal form content, thereby reducing the
capacity of the battery. In addition, excessive dotted LiCl on the
surface of the modified cathodes may block the diffusion of Li",
which can reduce the discharge capacity of the modified
samples.

The cycle performance and the galvanostatic charge-
discharge curves of the pristine PVDF and LiCI@PVDF samples
are exhibited in Fig. 5. The prepared samples were charged and
discharged at 0.2C rate for 5 cycles. The initial discharge
capacities of the pristine PVDF, 1/5LiCI@PVDF, 1/
10LiClI@PVDF and 1/15LiCI@PVDF samples were
146.4 mA h g ', 134.56 mA h g ', 13595 mA h g, and
147.15 mA h g~ ', respectively. The discharge capacities of the
pristine and modified samples decreased to 113.71 mA h g *
and 114.59 mA h g%, 112.24 mA h ¢”', and 123.56 mA h g™*
after 100 cycles at 1C rate, corresponding to the capacity
retention of 77.67%, 85.16%, 82.56%, and 83.97%. On the one
hand, the increase in the B crystal form content enhances the
electrical activity of the PVDF binder during the charge and
discharge processes; on the other hand, adhesion may be low-
ered due to the decrease in the o crystal form content. As
a result, part of the positive cathodes was detached into the
electrolyte, thereby reducing the capacity of the battery. Another
possible reason is that LiCl is partially dissolved in the elec-
trolyte, which increases the concentration of Li" in the battery,
thereby increasing the conductivity of the battery. Therefore,
the cycle stability of the modified samples was slightly improved
compared to that of the pristine PVDF samples. The discharge
capacities of the 1st cycle, 7th cycle and 100th cycle of the
pristine and modified PVDF samples are presented in Fig. 5(b),
(¢), and (d), respectively.

In Fig. 6, we can see that the cyclic voltammetry (CV)
curves of the pristine PVDF and LiCI@PVDF samples over-
lap. The CV curves at the scanning rates of 0.1 mV s ' and
0.6 mV s~ ' are compared in Fig. 6(a) and (b). The peak
differences of the pristine PVDF and 1/5, 1/10, 1/15
LiCI@PVDF samples at a scanning rate of 0.1 mV s~ were
0.133 V, 0.1855 V, 0.149 V, and 0.188 V, respectively. In
contrast, the peak differences of all the samples at
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Fig.5 The cycle performance (a) and charge—discharge curves (b)—(d)
of the pristine PVDF and LiCl@PVDF samples.
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Fig. 6 The cyclic voltammetry of the pristine PVDF and LiCl@PVDF
samples.

a scanning rate of 0.6 mV s~ ' were 0.404 V and 0.4119 V,
0.338 V, and 0.42 V. The results are consistent with those
shown in Fig. 4.

To further study the electrochemical performance, the
Nyquist plots of the fresh and cycled pristine PVDF and
LiCl@PVDF samples are revealed in Fig. 7. Before cycling, it
can be presented that the samples that have a semicircle in the
high-frequency region correspond to charge transfer resis-
tance with the diameter of the semicircles giving the R, value
and the sloping line at the low-frequency region displays
lithium-ion diffusion in the bulk material. The 1/
15LiCI@PVDF and pristine PVDF samples exhibited a semi-
circle of a bigger diameter than the 1/5LiCl@PVDF and 1/
10LiClI@PVDF samples. After 13 cycles, the EIS spectra of
pristine PVDF, 1/10LiCI@PVDF, and 1/15LiCI@PVDF show
three semicircles and one slope, and the spectra of the 1/
5LiCI@PVDF sample have two semicircles, representing the
lithium-ion diffusion through the SEI layer and charge trans-
fer reaction. The semicircles in the high-frequency, high-to-
medium frequency, and medium-frequency regions corre-
spond to the lithium-ion diffusion through the SEI layer, the
transport process of electrons in the active materials, and
charge transfer reaction, with the diameter of the semicircle
giving the Rggp, Re, and R, values. Besides, the slope in the low-
frequency region represents lithium-ion diffusion in the bulk
materials.*** The Rgg;, R., and R values of the fresh and
cycled pristine PVDF and LiCI@PVDF samples are revealed in
Table 2. From Table 2, we can infer that the R, values of the
cycled pristine PVDF, 1/10LiCI@PVDF, and 1/15LiCI@PVDF
samples decrease, while that of the 1/5LiCI@PVDF samples
increases compared to that of the fresh samples. This indi-
cates that the 1/10LiCI@PVDF samples have a lower increasing
rate of electrochemical polarization compared to the pristine
samples.
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Fig. 7 The electrochemical impedance spectra (EIS) Nyquist plots of
the fresh (a) and the 13-cycled (b) pristine PVDF and LiCl@PVDF
samples.
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Table 2 The Rsg, Re, and R values of the fresh and 13-cycled pristine
and modified PVDF samples

Samples States Rsgr (Q) R. (Q) R (Q)
Pristine PVDF Fresh — 581.3
Cycled 3.806 13.59 16.52
1/5LiCI@PVDF Fresh — — 239.6
Cycled 14.42 — 595.1
1/10LiCl@PVDF Fresh — — 178.2
Cycled 6.714 8.145 13.32
1/15LiClI@PVDF Fresh — — 572.7
Cycled 19.26 7.674 24.33

Conclusions

In this work, the phase ratio of B and o of PVDF was optimized
with an inorganic salt LiCl via the solution method. F(B) of 1/
10LiCI@PVDF samples was 49.53%. The batteries prepared
with the 1/10LiCI@PVDF samples exhibited better rate capa-
bility with high discharge capacity retention of 71.64% at 5C
compared to that at 0.2C after 65 cycles between 2.5 Vand 4.3 V,
and the cycle stability was slightly improved. Furthermore, the
increased rate performance was due to the lower rate of elec-
trochemical polarization of the 1/10LiCI@PVDF samples at
a higher voltage scan rate. Hence, the overall electrochemical
properties of lithium-ion batteries were enhanced by optimizing
the phase ratio of  and o of PVDF.
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